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Wireless Underground Sensor Networks (WUSNs) are natural extensions of the
established Wireless Sensor Network (WSN) phenomenon and consist of sensors buried
underground which communicate through soil. WUSNs have the potential to impact a
wide variety of applications including precision agriculture, environmental monitoring,
border patrol, and infrastructure monitoring. The main dierence between WUSNs and
traditional wireless networks is the communication medium. However, a comprehensive
wireless underground channel model for WUSNs has not been developed so far. In
this thesis, the Soil Subsurface Wireless Communication (SSWC) channel model is
developed based on an extensive empirical study in a large agriculture eld. The
results of the experiments provide important insights for the model, which have not
been available in the wireless communication literature. The SSWC channel model
captures the signal attenuation and bit error rate (BER) in underground settings based
on ve components: (1) The dielectric soil model estimates the soil permittivity based
on soil parameters including soil moisture. (2) The direct wave model captures the
attenuation of the line-of-sight signal between sender and receiver. (3) The reected
wave model considers the attenuation on the signal which is reected at the soil surface
before reaching the receiver. (4) The lateral wave model estimates the attenuation
of a third front of waves that potentially reach the receiver. Due to the fact that
a signicant portion of the lateral waves' propagation occurs over-the-air, this form
of transmission is an excellent option to extend the communication range without
increasing the power consumption. (5) The signal superposition model captures the
phase shifting between the mentioned waves, the resulting attenuation, and the bit
error rate. The SSWC model is validated through extensive underground experiments.
To the best of our knowledge, this is the rst channel model for the underground
to underground communication in WUSNs with comprehensive set of features. The
SSWC channel model is fundamental for the development of cross-layer communication
solutions for WUSNs and for the development of underground to aboveground and
aboveground to underground channel models for WUSNs.
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Chapter 1
Introduction
Wireless Underground Sensor Networks (WUSNs) are natural extensions of the
established Wireless Sensor Network (WSN) phenomenon and consist of sensors buried
underground and communicate through soil. WUSNs have the potential to impact
a wide variety of applications which are generally classied into four groups: envi-
ronmental monitoring, infrastructure monitoring, location determination, and security
monitoring [1]. The environment monitoring category include applications, such as
precision agriculture and landslide monitoring. Infrastructure monitoring applications
take care of the existing underground infrastructure, such as the detection of liquid
leakage. Location determination applications include solutions to assist the transit of
vehicles and people. Moreover, this category of applications include solutions to locate
people trapped by a building collapse. Finally, security monitoring applications exploit
the concealment of the buried sensors to eciently detect the movement of people and
objects in a protected area, such as the border of a country. Some of these applications
are illustrated in Fig. 1.1.
The main dierence between WUSNs and traditional wireless networks is the com-
munication medium. In fact, the dierences between the propagation of electromagnetic
(EM) waves in soil and in air are so signicant that communication entirely through
soil has been considered not feasible for decades, especially for low-power devices. Nev-
ertheless, the novel research presented in this work present feasible options to realize
low-power underground communication. For instance, if a high density of sensor nodes
is considered, the necessary communication range would be signicantly reduced to
distances of the order of meters or dozens of meters.
1
2Due to the challenges for low-power underground communication, a comprehensive
wireless underground channel model for WUSNs has not been developed yet. Conse-
quently, the development of protocols for WUSNs is strongly impacted. To this end,
a careful analysis of the literature in the wireless underground communication is real-
ized in conjunction with hundreds of hours of very well controlled outdoor experiments
[33, 35, 36, 37, 34]. The results of this empirical investigation, realized during a pe-
riod of 18 months, are summarized in Chapter 3. The following aspects are found to
have a strong inuence on the communication quality: the soil texture and moisture,
the operating frequency, the burial depth, the antenna design, and the irregularity
of the soil surface. In other words, the empirical results reveal the strong spatio-
temporal environmental dependency of the underground channel. This results in a
unique communication phenomenon where both the information, from the viewpoint
of many WUSN applications, and the communication media are correlated with the
environment parameters. Therefore, an underground channel model for WUSNs must
also capture these parameters, besides the operational and deployment aspects.
Accordingly, the second part of this work is related to the development of an un-
derground channel model for WUSNs, called Soil Subsurface Wireless Communication
(SSWC), which is presented in Chapter 5. The SSWC model captures the total signal
attenuation and the bit error rate (BER) based on ve components: the dielectric soil
properties prediction model, the direct wave (DW), reected wave (RW), and lateral
wave (LW) factors, and the signal superposition model. The emphasis of the model
is in the propagation problem and not in the antenna problem. In other works, the
assumption is the use of a simple insulated dipole as the default antenna. The merit
factors, such as the gain due to directivity of special antennas, are also captured in
the SSWC model. However, for the sake of the complexity of the model, considering
3Figure 1.1: Applications of Wireless Underground Wireless Sensor Networks (WUSNs).
the high number of possible antennas schemes, a deeper consideration of the antenna
problem is not included in the model.
Although the in-situ experiments were realized without specic attention to the
propagation of lateral waves, the overall empirical results have a good match with the
SSWC model validating it for further experiments. The analytical results suggest a
signicant increase of the communication range, maintaining the same transmit power
level, if lateral waves are properly addressed with the use of special antennas. These
results have a strong impact on the design of WUSNs. Instead of node topologies
with a strong dependency on aboveground devices, there exists a sound theoretical
foundation to support multi-hop networking among buried nodes for distances higher
than 10 meters. To the best of our knowledge, this is the rst comprehensive channel
model for the underground-to-underground communication in WUSNs. The SSWC
channel model is fundamental for the development of cross-layer modules for WUSNs.
4This work is organized as follows: In Chapter 2, the characteristics of WUSNs are
presented. In Chapter 3, the development of an outdoor WUSN testbed is discussed. In
Chapter 4, the methodology of the underground experiments and the empirical results
are discussed. The components of the SSWC channel model for WUSNs are described
in Chapter 5. Also, the analytical results are compared with the empirical results.
The research challenges and guidelines for the development of cross-layer protocols fro
WUSNs are presented in Chapter 6. Finally, the thesis is concluded in Chapter 7.
Chapter 2
Background & Related Work
In this chapter, the characteristics of WUSNs, the dierences between WUSNs
and Through-The-Earth communication techniques, an introductory discussion about
soil properties, and related work are discussed. The characteristics of WUSNs are
presented in Section 2.1. The impact of the dielectric properties of the soil on the
wireless underground communication is discussed in Section 5.2. A historical overview
of wireless communication using buried antennas is provided in Section 2.3. Finally,
the related work of WUSNs is discussed in Section 2.4.
2.1 Characteristics of Wireless Underground Sensor Networks (WUSNs)
Wireless Underground Communication Networks (WUCNs) have been investigated
in many context recently. Although a novel area, a detailed classication of these net-
works is necessary since several dierent scenarios, with distinct challenges and charac-
teristics, are presented under the title wireless underground communication. In [1], two
possible topologies for WUSNs are presented: the underground topology, where the
majority of the nodes are buried, and the hybrid topology, where buried nodes coexist
with some nodes deployed above ground. Based on this classication, an extended
classication of WUCNs is suggested, as illustrated in Fig. 2.1.
As shown in Fig. 2.1, WUCNs can be mainly classied into two: wireless com-
munication networks for mines and tunnels and wireless underground sensor networks
(WUSNs). There exist several solutions that focus on underground communication in
mines and/or tunnels [2, 11, 20, 24]. In this context, although the network is located
underground, the communication takes place through the air, i.e., through the voids
5
6Figure 2.1: Classication of wireless underground communication networks (WUCNs).
that exist underground. Consequently, even though the communication in these voids
are more challenging than that in terrestrial WSNs, the channel characteristics exhibit
similarities with the terrestrial WSNs.
Although the sensors may be buried at dierent regions of the soil, WUSNs can
also be classied into two categories based on the burial depth of the sensors. The
recent research on agriculture, environment monitoring, and security mainly focuses
on the soil subsurface, which is dened as the top few meters of the soil. The soil
subsurface is classied into two regions [33]:
 Topsoil region, which refers to the rst 30cm of soil, or the root growth layer,
whichever is shallower.
 Subsoil region, which refers to the region below the topsoil, i.e., usually the 30-
100cm region.
Accordingly, as shown in Fig. 2.1, Soil Subsurface WUSNs can be classied as a
function of the deployment region: Topsoil WUSN, if the WUSN is deployed in the
topsoil region, or Subsoil WUSN, if deployed in the subsoil region. Such classication
is necessary because, as will be shown in the Chapters 3 and 5, a dierence of 10 or
20cm in the depth of the sensor can cause signicant impact on the communication
7performance. The underground communication performances for topsoil and subsoil
regions dier due to two main reasons:
 Soil parameters. These soil regions may be distinct in terms of soil texture
and moisture [16], which are important parameters that aect the wireless com-
munication channel [1, 2, 33]. For instance, after a rainfall or articial irrigation,
the level of the soil moisture at the topsoil region quickly increases, aecting
the communication. On the other hand, depending on the soil composition, the
changing of the soil moisture at the subsoil region only occurs after hours [44].
 Soil surface eects. When the node is closer to the soil surface, i.e. at the
topsoil region, the contributions of reected [1, 10, 33] and lateral waves [10, 21]
are stronger. Therefore, the overall signal attenuation is usually smaller at the
topsoil region than at the subsoil region.
Whenever possible, a shallower deployment (topsoil) is preferred due to the smaller
length of the soil path and, thus, smaller signal attenuation. However, the WUSN
application dictates the soil region where the sensors will be deployed. For instance,
for intruder detection and sport eld irrigation systems, a burial depth of less than 10cm
is expected and better communication channel conditions are possible. On the other
hand, the subsoil region is mandatory for many precision agriculture applications. In
these systems, non-obstructive approaches are required due to the plowing and similar
mechanical activities which occur at the topsoil region. Therefore, burial depths in the
root range of crops in the subsoil region, i.e., 40-100cm, are required and more critical
communication challenges are associated with these WUSN applications.
Although a WUSN is mainly formed by underground sensor nodes, the network
still requires aboveground nodes for additional functionalities such as data retrieval,
8Figure 2.2: Typical WUSN architecture which employs 3 types of communication links:
underground-to-underground (UG2UG), underground-to-aboveground (UG2AG), and
aboveground-to-underground (AG2UG).
management, and relaying. Therefore, considering the locations of sender and receiver
nodes, three dierent communication links may exist in WUSNs, as shown in Fig. 2.2:
 Underground-to-underground (UG2UG) Link: Both the sender and the receiver
are buried underground and communicate through soil [33]. This type of com-
munication is employed for multi-hop information delivery and is the main focus
of this work.
 Underground-to-aboveground (UG2AG) Link: The sender is buried and the re-
ceiver is above the ground [35]. Monitoring data is transferred to aboveground
relays or sinks through these links.
 Aboveground-to-underground (AG2UG) Link: Aboveground sender node sends
messages to underground nodes [35]. This link is used for management informa-
tion delivery to the underground sensors.
A WUSN which intensively uses aboveground nodes in conjunction with the under-
ground nodes is called Hybrid WUSN [1]. Therefore, Hybrid WUSNs can potentially
use all links: UG2UG, AG2UG, and UG2AG. The main focus of this work is the
9Table 2.1: Typical aspects for Through-The-Earth (TTE) and WUSN scenarios.
Aspect TTE-based communication WUSN
Frequency range VLF / LF VHF / UHF
Maximum range (soil path) Up to hundred meters 5cm to dozen meters
Bandwidth Very small: bps Small: Kbps
Network topology One-hop One-hop and multi-hop
Network density Sender-receiver or few nodes Hundred to thousand nodes
Underground channel noise Very critical aspect Small impact
Rock penetration Feasible Usually not feasible
Soil moisture Small impact Very critical aspect
Energy criticality Relatively small impact Very critical aspect
Node cost Relatively high Small
Communication protocol design Emphasis on the physical layer Cross-layer approach
characterization of the UG2UG channel for WUSNs and the provided SSWC channel
model can potentially be used as the foundation for the remaining UG2AG and AG2UG
channel models which are out of the scope of this thesis.
One kind of underground communication method not represented in Fig. 2.1 is
Through-The-Earth (TTE) which provides a way to realize emergency communication
to trapped miners in case of disasters [4]. Therefore, TTE is not usually associated with
a network and cannot be classied as a kind of WUCN. Although there are similarities
between WUSN and TTE solutions, the underground communication challenges for
WUSNs and TTE scenarios are signicantly dierent, as shown in Tabel 2.1. For
instance, while WUSN nodes are usually deployed at the subsurface region of the
soil, a TTE underground device is usually located hundred of meters below the soil
surface. The TTE communication had been used for three main applications: miner
locating systems (mining disasters), geophysical exploration, and military underground
communication (during the nuclear age). Nowadays, the use of TTE systems is mainly
related to the former application.
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In Table 2.1, a comparison between the typical aspects related to both TTE and
WUSNs scenarios is shown. One can observe that the challenges of the TTE-based
systems are mainly related to the physical layer, especially techniques to traverse rocks
and achieve a longer communication range. On the other hand, WUSNs have lighter soil
and communication range constraints. Nevertheless, the underground communication
channel is WUSNs is signicantly aected by soil moisture changes at the subsoil region
[2, 33, 35]. Also, low-power devices are required in WUSNs in order to extend the
lifetime of the buried nodes for months or years. Therefore, the design of a WUSN
solution requires a non-trivial cross-layer approach [2].
2.2 Dielectric Properties of the Soil
The soil is a dielectric material, characterized by a specic relative permittivity
or dielectric constant. The propagation of electromagnetic (EM) waves is directly
aected by the permittivity of the material. More specically, a smaller value for
the relative permittivity basically implies better conditions for the propagation of EM
waves. The soil medium behaves as a dielectric mixed material composed of air, bound
water, free water, and bulk soil. If the soil presents small density and high porosity,
the conditions for the propagation of EM waves are better due to the high quantity
of air in the medium. However, the presence of water in soil has an adverse eect
on the communication. The quantity of water in the soil, e.g., the volumetric water
content (VWC), is the main attenuation factor for the propagation of EM waves in soil
[1, 2, 33, 35].
The soil permittivity varies, besides other factors, as a function of the soil com-
ponents [28]. The soil texture is generally classied in terms of fractions of sand, clay,
and silt particles, as shown in Fig. 2.3. Depending on the amount of clay, silt, and
11
Figure 2.3: Soil texture triangle showing the United States Department of Agricul-
ture (USDA) classication system based on grain size (clay: <0:002mm, silt: 0:002-
0:050mm, sand: 0:050-2:0mm).
sand, the soil texture receives a particular name or classication [16]. For instance, the
point P in Fig. 2.3 represents a soil texture with a homogeneous mixture of clay, silt,
and sand, and it is classied as clay loam.
Besides clay, silt, and sand, the soil also contains water. The VWC of the soil
represents the fraction of water in the soil. However, the water can be classied into
two: the bound water, which corresponds to water molecules tightly held to the surface
of the soil particles, and the free water, which corresponds to water molecules free of
action of soil particles [6, 13]. Therefore, for the same VWC value, a soil sample can
contain more free water than other sample due to dierences on the soil texture of
the samples. More specically, the quantity and also the type of clay determine the
amount of bounded water in the soil [6, 16]. As will be explained later in Section
12
5.2, the dielectric properties of the bounded water are dierent from the free water.
Therefore, the attenuation of the EM waves and also the change in the signal velocity
(phase shift) vary as a function of the amount of bounded water and the amount of
free water. In this way, it is clear that the VWC parameter alone is not sucient
to characterize the attenuation of EM waves propagating in soil. More specically,
the parameters related to the soil texture are also necessary to complement the VWC
information to characterize the dielectric properties of the soil and the associated signal
attenuation.
Besides the VWC, the frequency of the signal also aects the relative permittivity
and, thus, the level of attenuation of EM waves. The soil permittivity is a non-linear
function of the frequency [6, 13]. Moreover, depending on the frequency of the waves,
the soil conductivity dominates the attenuation function. Therefore, contrary to the
general belief, a smaller frequency is not always related to a smaller signal attenuation.
In other words, even when all soil parameters are known, including the VWC, there
is no direct way to precisely calculate the value of the soil permittivity for dierent
frequencies [6, 28]. Consequently, without the value for the soil permittivity, further
estimation of the signal attenuation is not possible.
Therefore, many studies were performed, for dierent frequency ranges, in order
to provide a practical way to estimate the value of the soil permittivity for a spe-
cic range of frequencies. It is reported that frequency values around 1GHz present
reasonable soil permittivity values for practical use of wireless communication and mi-
crowave remote sensing applications [2, 18, 28]. Frequency values smaller than 300MHz
can result in even smaller attenuation values for the EM signal. However, when the
frequency decreases, its wavelength increases and the size of antenna also increases.
Hence, usually the use of frequency values smaller than 300MHz for WUSN scenarios
is not practical. This latter aspect must be highlighted because the majority of the
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theoretical and experimental work for wireless underground communication is related
to military applications and long range communication, i.e. higher than 10Km. In
these scenarios, the HF to LF frequency bands are typically employed associated with
very huge antennas and power consumption. One of the goals of this work is to show
that the UHF band (300MHz-3GHz), and more specically from 300MHz to 1GHz is
the optimal frequency band for WUSNs in terms of soil attenuation and practical sizes
of antennas [33].
2.3 Buried Antennas
The rst studies related to radio frequency (RF) underground waves propagation
began in 1909, with the work of Sommerfeld analyzing the problem of vertical elec-
tric Hertzian dipole radiation in the presence of a dissipative half-space [38]. In 1926,
Sommerfeld published a work considering all four types of elementary dipole: electric
or magnetic, vertical or horizontal [39]. In these studies, the dipoles sources are in air,
although just above the soil surface [42]. However, the radiation of a Hertzian dipole
immersed in the conducting medium, such as the soil, is rst investigated by Tai, in
1947 [41]. From that moment, many other researchers studied the same topic. The
classic work of Banos (1966) [5] is of special interest because it includes a complete
characterization of the electromagnetic eld components for points in the dissipative
medium or above it, e.g., points at the air or inside the water. The Banos' approxi-
mate formulas are only valid for conducting medium, such as the sea water, and low
frequencies. Also, the antenna problem is not included in these works which considered
only elementary source dipoles.
In order to eectively characterize the wireless underground communication, two
problems must be solved: the propagation problem, as previously mentioned, and the
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antenna problem. More recently, King (1980) [21] addressed the antenna problem
for lossy medium, including soil, by analytical, numerical, and empirical means. For
underground communication purposes, only an insulated antenna can be considered
[21, 42]. However, due to the complexity of the task, only some important classes
of embedded insulated antennas are considered in [21]: dipole, loop, and terminated
monopole (travelling wave antenna). For all cases, the subsurface is the soil region of
choice. However, for very-high power solutions, deeper installations are also feasible.
This former work constitutes the foundation for the lateral wave (LW) factor model
developed in Chapter 5. The mathematical and physical justications for the existence
of lateral waves and their use for radio communication is provided in [10].
Buried/immersed antennas and lateral waves propagation were mainly studied on
the 1940-80's period due to two main application scenarios: a) communication with
submarines and b) protection of the communication system of a country in case of a
nuclear attack. Probably, the lack of potential applications explains very few research
work in the area of wireless underground communication during the last decades. In
this work, the continuation of these original studies are realized by extending and
adapting them to the WUSN scenario which involves low-power devices and relatively
small communication ranges (due to the high density of nodes).
2.4 Related Work
In this section, some recent developments related to wireless communication for
the underground environment are presented. The rst part of the related work is not
actually examples of work in the area of WUSN. However, the discussion of these
studies provides an overall vision about the challenges in the underground settings and
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also present potential application scenarios for WUSNs. The second part of the work
presented in this section is the state-of-the-art in the area of WUSNs.
Wireless sensor networks have been used to monitor underground mines to guar-
antee the safety of mine workers [12, 20]. Similarly, the characteristics of the wireless
channel in tunnels have been investigated [2]. As mentioned in Section 2.1, although
the mine is underground, the communication among the sensors is through the air in
the mine or tunnel.
A shallow depthWSN was used for predicting landslides [32]. This network consists
of Mica2 motes [54] which are interfaced with stain gauges and can operate at low
depths (25-30cms). In this design, although the sensors are located underground, the
communication takes place over the air. Another similar example is a sensor network
that is constructed to detect the volcano activities. In this case, the antenna of the
sensors is placed above the soil surface to create reliable links [51].
Structural health monitoring (SHM) is another application that has gained inter-
est in wireless sensor networks community. Two examples of such WSN application is
Wisden, a data acquisition system for SHM [26, 52] and Duranode [27]. Although un-
derground systems such as sewers also require structural monitoring, these approaches
only work with communication through air techniques.
The largest residential water management project in Europe uses sensors to gather
information for inspection and cleaning systems in the Emscher sewer system [15].
Similarly, a sensor network is used in other sewer system where the manhole cover is
converted into the slot antenna and the underground sensors can communicate with
the above ground nodes through radiation from it [24]. Again, although the system
resides underground, the communication between the sensors is performed through air.
These cases exemplify how the expression underground network has been over-utilized
and may not be associated with wireless underground communication channel.
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A glacier monitoring network, based on a sensor network, was deployed in Nor-
way [23]. This system aims to measure the parameters of ice caps and glaciers using
sensors beneath the glaciers. To avoid wet ice, the base stations are connected to two
wired transceivers 30m below the surface. Using relatively high transmit power levels
(100mW), these underice sensors can nally communicate with the sensors that are
placed at deeper locations (up to 80m from the surface). This application is not a
typical underground scenario, however it presents challenges similar to the ones for
WUSNs.
In addition to these applications, several experimental work focusing on the EM
wave propagation through soil and rock are also reported. As part of the recent studies
regarding wireless communication through soil, the electromagnetic eld of a vertical
electric dipole in a conducting half-space is analyzed for the 1-10MHz frequency range
[49]. Moreover, experiments using ground-penetrating radars were performed [14, 25,
49, 50]. This specic research area is called Microwave Remote Sensing [6, 13] and
part of the theoretical model presented in Section 5.2 is based on the results from this
research area [28].
As an example of the use of the principles of the surface-penetrating radar, a
100MHz experiment is realized for determining the attenuation and relative permit-
tivity values of various materials, including soil, in [14]. A typical Microwave Remote
Sensing application is the detection of landmines based on dierences between the
permittivity values for soil and landmine. For instance, it is shown that the soil com-
position has signicant eects on the Ground Penetrating Radar (GPR) detection of
landmines [25]. Similarly, the investigation of EM propagation in soil in the presence
of landmines is reported in [50]. Accordingly, experiments for the 1-2GHz band are
realized and a propagation model for landmine detection is provided.
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Related to the use of lateral waves for underground communication, a compre-
hensive study is presented in [10, 21]. Additionally, empirical results of lateral waves
communication are reported in [19, 21, 48]. In the latter two works, a special antenna,
called eccentrically insulated travelling-wave (EITW) antenna, is adopted for the buried
node. A signal generator operating at 144MHz and +30dBm transmit power level is
used for a typical UG2AG experiment. The underground node is buried at 40cm and
the aboveground receiving antenna is placed 55cm above the soil surface. Communi-
cation ranges of more than 50m are achieved, validating the model presented in these
works, which are essentially the same reported in [21].
Although signicant insight in EM wave propagation through soil can be gathered
from these works, none of the existing work provides a complete characterization of
the underground communication, especially for the communication between low-power
underground devices located at the soil subsurface, the typical WUSN scenario. On
the other hand, the following related work are WUSN studies or more closely WUSN-
related scenarios.
An overview of the challenges related to the WUSNs was provided in [1]. The
challenges for realizing outdoor WUSN experiments are discussed and guidelines are
provided in [37]. A theoretical model specically for wireless UG2UG communication
is proposed in [2], but without empirical results to validate the model. UG2UG ex-
periments using Mica2 [54] motes at 433MHz are reported in [33] and the results show
a good agreement with the model proposed in [2], especially for high burial depths.
These results are also presented in Chapter 3. The mismatches between the model
and empirical results for low burial depths suggests the existence of a missing factor
not considered in the model provided in [2]. This fact motivates further theoretical
investigation which culminates in the SSWC model presented in Chapter 5.
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Terrestrial commodity sensors MicaZ [54] motes, operating at 2:4GHz and 0dBm
of transmit power level, are tested for UG2AG and the empirical results are reported
in [40]. Both received signal strength (RSS) and packet error rate (PER) are evaluated
in a typical sender-receiver scenario. Two sets of tests are realized: one considering
that the receiver node is located at the soil surface and the other one with the receiver
elevated 1m above the soil surface. For these experiments, three burial depths for the
sender node are used: 0, 6, and 13 cm. The 0-cm burial depth case is used to establish a
baseline for comparisons. The maximum horizontal inter-node distances achieved, with
PER <10%, are 2:5 and 7m for 13 and 6cm-burial depths, respectively. These results
exemplify the criticality of the soil path attenuation. In the same empirical work,
UG2UG experiments are realized. However, such communication link is reported as
not feasible for that specic testbed scenario.
A unidirectional UG2AG communication model is proposed in [9]. The model
predicts the signal attenuation due to the dielectric loss of the soil and the eects of
reection of the soil surface. Moreover, laboratory experiments are realized to validate
the model. The received signal strength is evaluated with a spectrum analyzer. The
sensor node used in the experiments is a customized device called SoilNet which oper-
ates at 2:44GHz and +19dBm of transmit power level. The burial depth of the SoilNet
device typically varies from 5 to 9cm. The experimental results with a soil probe shows
a signal attenuation increase of 25dB when the width of the soil layer varies from 1
to 7cm. Moreover, a variation of 10dB in the signal attenuation is associated with
the VWC increase from 0 to 35%. Finally, the empirical results show that the bulk
density and bulk electrical conductivity cause small impacts on the signal attenuation,
at least for the investigated pure sand/water mixture. These results agree with the
experimental and analytical results shown in Chapters 3 and 5. The UG2AG model
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proposed in [9] assumes that the receiving antenna is located very far from the buried
node.
Another unidirectional UG2AG communication model is proposed in [46] to sup-
port the use of a customized sensor node called Soil Scout which operates at 869MHz
and +10dBm of transmit power level. To this end, an ultra wideband elliptical antenna
[29] is proposed for the underground communication [45]. This antenna is used for the
experiments to validate the model which predicts the signal attenuation due to a) the
dielectric loss of the soil, b) the eects of reection of the soil surface, and c) the eects
of the refraction of some EM waves at the soil surface (angular defocusing). The results
show an adequate radiation eciency (>90%) of this wideband antenna in dierent soil
textures and moisture levels. Communication ranges of 30 and 150m are reported for
the burial depths of 40cm and 25cm, respectively. However, only long-range (>20m),
one-hop, UG2AG communication links are considered.
UG2AG and AG2UG experiments using customized sensor nodes are reported in
[31]. A maximum communication range of more than 60m is achieved for the nodes
operating at 868MHz, +10dBm of transmit power level and burial depths smaller than
10cm. In [35], UG2AG and AG2UG experiments using Mica2 motes operating at
433MHz and +10dBm of transmit power level are realized. Due to the adoption of a
novel antenna scheme involving an ultrawide band antenna [29], signicant extension
of the communication range is achieved. The ranges of 22 and 37m are reported for
35cm and 15cm-burial depths, respectively. In [36], another set of UG2AG and AG2UG
experiments using Mica2 motes are realized in a real precision irrigation scenario.
Despite the potential applications of the existing work, a comprehensive charac-
terization of the UG2UG communication channel for dierent depths at the soil sub-
surface region has not been provided. In fact, theoretical and empirical examination of
UG2UG links are only reported in [2] and [33], respectively. Accordingly, in this thesis,
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the characteristics of the UG2UG communication channel for WUSNs located at the
soil subsurface region are investigated.
Chapter 3
Development of a WUSN Testbed
Despite the potential of WUSNs, very few eld experiments have been realized by
the end of 2009, causing delays on the proliferation of WUSN applications. Moreover,
recent models for the wireless underground communication channel are also proposed
but few eld experiments are realized to verify the accuracy of the models [2, 9, 46]. One
possible explanation for the lack of a signicant number of eld experiments for WUSNs
is that such experiments proved to be extremely complex and present novel challenges
compared to the traditional wireless environment. Moreover, constant changes in the
outdoor environment, such as the soil moisture, can contribute to the problems related
to the repeatability and comparisons between WUSN experiments.
In this chapter, the details related to the development of an outdoor WUSN testbed
are presented in order to improve the accuracy and to reduce the time for WUSN
experiments [37]. More specically, the development of two real WUSN testbeds are
described. The rst part of the experiments were realized in University of Nebraska-
Lincoln City Campus on a eld provided by the UNL Landscaping Services during
August-November 2008 period. The second part of the experiments were realized in
UNL South Central Agricultural Laboratory, Clay Center, NE, during July-October
2009 period. Moreover, the experiments in [33, 35, 36] followed the guidelines described
in this work. Based on the experiences acquired from hundreds of hours of WUSN
experiments in these testbeds, the details related to the development of an outdoor
WUSN testbed are presented [37]. This is the rst work that proposes guidelines for
the development of a WUSN testbed to improve the accuracy and to reduce the time
for WUSN experiments. The recommended practices in this chapter range from radio
frequency (RF) measurements using sensor nodes to the use of practical techniques that
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signicantly reduce the time to install and remove the sensor nodes in the underground
setting. The main objective of this work is the proliferation of best practices in the
area of WUSNs related to the following goals:
 The time reduction for the realization of WUSN experiments through the use of
a WUSN testbed.
 The improvement of the accuracy of the experiments.
 An easier and standardized way to compare results from experiments realized in
dierent WUSN testbeds.
 The establishment of a standard methodology for WUSN measurements.
The rest of this chapter is organized as follows: In Section 3.1, an overview of a
WUSN testbed and its physical layout is presented. In Section 3.2, diverse aspects to
be controlled in a WUSN experiment, such as the digging process, the soil composition,
the soil moisture, the antenna orientation, and the transitional region are discussed. In
Section 3.3, detailed guidelines to preserve the quality and accuracy of the experiments,
even when sensor nodes are used as RF measurement tools, are presented. The overall
architecture of a WUSN testbed and the aspects of its software are provided in Section
3.4.
3.1 WUSN Testbed Architecture
Three dierent communication links exist in WUSNs based on the locations of
the sender and receiver nodes, as shown in Section 2.1 and also illustrated in Fig. 3.1.
Accordingly, a WUSN testbed must support experiments in these three communication
scenarios. In this section, the testbed architecture for UG2UG experiments is presented
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Figure 3.1: The three communication scenarios supported by the WUSN testbed: (a)
UG2UG link, (b) UG2AG link, and (c) AG2UG link.
rst, followed by guidelines to extend the testbed to support aboveground nodes, i.e.,
to realize UG2AG and AG2UG experiments.
UG2UG Testbed. A practical WUSN testbed must allow an easy conguration
of the physical deployment aspects. As shown in Fig. 3.1, these deployment parameters
reect the location of the sensor nodes. The parameter dbg, also called burial depth, is
dened as the distance between the center of the antenna of the buried sensor node and
the surface of the soil. The distance above the ground dag, used in the UG2AG and
AG2UG scenarios, is the distance between the center of the antenna of the aboveground
device and the surface of soil. Finally, the parameter dh is the horizontal inter-node
distance between the sender and the receiver nodes. Therefore, from the communication
perspective, the antenna is the element of interest. In fact, the actual locations of the
sensor, processor, and transceiver modules are not considered in dening the physical
distances of a WUSN testbed experiment, only the antenna. However, preliminary tests
show that metallic objects nearby the antenna of a node can signicantly impact the
results of WUSN experiments. Therefore, the actual position of a node's module, such
as a soil moisture sensor, may change the results and this scenario must be avoided or
informed in the report of the experiment.
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Figure 3.2: (a) The grid concept used to speed up the experiments in a WUSN testbed.
(b) A case, where the grid can interfere with the results. (c) Ideal case for experiments
and (d) an alternate grid solution.
In Fig. 3.2, the grid concept applied in a WUSN testbed, designed for UG2UG
experiments, is illustrated. The grid concept is very important in wireless commu-
nication testbeds. The basic idea is to perform multiple simultaneous point-to-point
(sender-receiver) tests, speeding up the overall time spent in an experiment. As shown
in Fig. 3.2(a), one of the sensors temporarily has the role of sender and it broadcasts
a sequence of test messages. Only one node can be selected as a sender for each exper-
iment. Therefore, the remaining nodes in Fig. 3.2(a) are potential receivers. After the
end of the test, it is possible to verify the results of the experiments consulting each
receiver individually.
However, the scheme in Fig. 3.2(a) results in high interference since a node may
be on the direct path between two other nodes as shown in Fig. 3.2(b). An alternate
solution is to perform experiments individually as shown in Fig. 3.2(c), which elimi-
nates any obstacles between sensor nodes. Therefore, it is clear that the original grid
idea must be modied in underground settings to maintain the accuracy of WUSN
experiments and also to provide the exibility of having multiple simultaneous tests. A
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(a) (b)
Figure 3.3: WUSN testbed layouts for UG2UG communication: (a) The layout used to
investigate the eects of the inter-node distance and (b) the layout used for transmission
contention tests: 4 and 8-sender cases.
simple solution is shown in Fig. 3.2(d). This new scheme proposes a direct line-of-sight
(without obstacles) between the hole where the sender is located and the holes where
the receivers are located. The dierence is more clear when the top views of Figs.3.2(a)
and Fig. 3.2(d) are compared. With this new design, the grid imposes two constraints
in the WUSN testbed:
 A hole is designated only for the senders: The hole, which is used to place the
sender node(s), i.e., the sender hole, must have direct line-of-sight with all other
holes. In other words, no other hole or obstacle can exist between the sender
holes and the other holes. It is possible to have multiple senders in the same
sender hole. However, only one sender can be active at a given moment.
 At the senders hole, no receivers are allowed: If receivers are placed at the same
hole as the sender, one of them can be a potential communication obstacle to
the other. For instance, if the nodes Sender A, Receiver 1, and Receiver 2 are
buried, in this order, in the same hole, the Receiver 1 will be an obstacle for the
propagation of waves from the Sender to the Receiver 2.
Based on the dimensions of the sensor nodes and the communication constraints
empirically veried in [33], the physical layout for basic WUSN testbeds are illustrated
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in Figs. 3.3. The layouts are presented in a top view, where each circle is a hole. The
presented layouts consider the use of 10cm-diameter holes and commodity WSN sensor
nodes with a maximum transmit power of +10dBm. Naturally, the distances can be
modied if larger and more powerful sensor nodes are used. The rst layout in Fig.
3.3(a) is used for inter-node distance experiments. The 5 holes in the center are used by
sender nodes and only one of these holes can contain an active sender for an experiment.
The horizontal holes in Fig. 3.3(a), with the exception of the central one, are assigned
for receiver nodes. Multiple receivers holes can be active in an experiment. The holes
at the right side of the central node are used for redundant receivers. As shown in
Fig. 3.3(a), the same inter-node distance is used for the receivers A and A', where
the latter is used for redundancy in experiments. After the end of the experiment, the
results of the receiver A are expected to be very close to the measurements from the
sensor A', assuming they have the same burial depth. As shown in Fig. 3.3(a), this
rst architecture provides:
 Direct line-of-sight between sender and receiver without any articial obstacle.
 Simultaneous experiments for dierent inter-node distances and, optionally, dif-
ferent burial depths.
 High accuracy in the results through the redundancy in the measurements.
The use of multiple nodes in the same hole, as suggested in Fig. 3.2(d), deserves
special attention. In this case, the testbed would be actually based on a 3D-grid which
is a natural option to speed up the experiments. However, the placement of a sensor
nearby the antenna of another underground node can interfere with the experiment
results. Preliminary tests are necessary to verify if this interference will potentially
occur before deciding for the use of a 3D-grid in the underground setting. In the
experiments in [33], the use of multiple nodes at the same hole were not possible due to
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Figure 3.4: UG2AG and AG2UG experiments. (a) The antenna must be positioned
in the direction of the aboveground device and without any line-of-sight obstacle. (b)
Some aspects allowed for UG2UG experiments are not allowed for aboveground exper-
iments. (c) Grid of aboveground nodes.
the interference issues. Therefore, in that case, every hole in the layout contains only
one sensor and the underground part of the testbed was constrained to a 2D-grid.
It is possible to extend the testbed in Fig. 3.3(a) to support multiple senders at
dierent holes. However, the complexity of this new layout can be pretty high and the
implementation of a unique and general purpose testbed can be very dicult. One
alternate solution is to create additional testbeds for this kind of experiments. One
example of application of this new testbed is the transmission contention experiments.
In Fig. 3.3(b), the layouts of the 4-sender and 8-sender cases are shown.
UG2AG/AG2UG Testbed. UG2AG and AG2UG links are required for several
functionalities of WUSNs, such as network management and data retrieval. Therefore,
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the WUSN testbed must also provide support for UG2AG and AG2UG experiments.
As shown in Fig. 3.3(a), the UG2UG testbed has 5 special holes for sender nodes and
20 holes for receivers. Extending the WUSN to aboveground experiments implies that
the sender (or the receivers) will be located above the soil surface. Accordingly, the
grid scheme can be adapted to this new scenario. The following guidelines are provided
for extending the WUSN testbed for aboveground experiments:
 The surface of the paper pipe must be aligned with the soil surface, as shown in
Fig. 3.4(a).
 The propagation of the antenna cannot be disturbed by the paper pipes lled
with soil, as shown in Fig. 3.4(b). The mentioned paper pipes can be used, but
the antenna must be positioned in a way that it points to the direction of the
aboveground device(s), as shown in Fig. 3.4(a).
 The hole must have a direct line-of-sight (without obstacles) to the aboveground
device(s), as shown in Fig. 3.4(c).
 The aboveground nodes devices can be easily installed using a 10cm-length buried
3=4" PVC pipe in conjunction with a wood stake. It also possible to build a grid
of aboveground devices, as shown in Fig. 3.4(c).
All the devices and schemes presented in this section speed up the realization of
the experiments in [33, 35, 36]. Without these schemes, the same experiments would
last more than 3 times longer. At the same time, the accuracy of these experiments is
not compromised.
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3.2 Factors That Impact Outdoor WUSN Testbeds
In this section, the factors that impact the realization of WUSN experiments are
presented. The challenges of burying and unburying sensor nodes are presented and the
use of paper and plastic pipes are described. Also, the analysis of the soil texture and
soil moisture of the WUSN testbed is included as an essential part of the results of the
experiments in the presented guidelines. The errors caused by the antenna orientation
and the use of sensor nodes to make RF measurements are also discussed. Finally, the
issues related to the transitional region of WUSNs are presented.
3.2.1 The Digging Process
Burying and unburying sensor nodes are very time-consuming tasks in under-
ground settings. For instance, in the experimental testbed developed in [33], almost 2
hours were necessary to dig a single 20cm-diameter, 1m-depth hole, even with the use
of an electric power auger. Therefore, an initial consideration about the dimensions
of the holes is necessary. Besides the time issue, the larger a hole is, the larger is
the modication of the soil density at that area and this parameter aects the signal
attenuation caused by the soil [28, 33]. A second aspect is related to the depth of the
hole. The majority of the WUSN applications will not require burial depths higher
than 1m [1, 2, 33]. Therefore, the WUSN testbed considered in this section assumes
a burial depth smaller than 1m, that is, at the subsurface region of soil. The process
of digging deeper holes is only feasible with special machines. On the other hand, for
shallow holes, there are many simple and manual digging tools available in the market
considering that the diameter of the hole is restricted to up 4cm. In the case of our
testbed, the required minimum diameter is 7:5cm due to the dimensions of the sen-
sor node. Therefore, 8cm-diameter holes were dug with power augers. The diculty
to bury a sensor node also highlights an important aspect for the success of WUSN
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applications: the deployment of hundreds or thousands of these devices needs to be
relatively simple. In this sense, sensor nodes with cylindrical form and a tiny diameter
(2:5 to 4cm) are required.
Besides the diculty and the time spent in the process of burying and unburying
sensor nodes, the repetition of an experiment is also a challenge. To place a sensor node
and its antenna at the same place and orientation in a deeper hole is not an easy task.
This issue is aggravated with the use of small holes, such as a 10cm-diameter hole. To
address these challenges, the use of paper and plastic (PVC) pipes is required. In the
testbed in [33], preliminary tests using Mica2 [54] motes at 433MHz are realized to
verify how the adoption of paper and plastic pipes would interfere in the results of the
experiments. The comparison between the results with and without paper and plastic
pipes, shows an additional attenuation ranging from 2 to 8dB. These values correspond,
respectively, to the use of paper pipes and dierent thicknesses of plastic pipes. These
values are still considered small in comparison with the value of the soil attenuation
which typically varies from 20 to 50dB [33]. To obtain a smaller attenuation value due
to the introduction of the plastic pipe, smaller thicknesses can be used. In Fig. 3.5,
the use of a paper pipe, made with a 55x70cm poster board, is illustrated. In this case,
the variation caused by the paper pipe is smaller than 1:5dB.
The paper/plastic pipe helps to preserve the physical structure of the hole for
multiple experiments. However, to perform the experiments, the sensor should also
be covered with soil. Therefore, the re-use of a hole for multiple experiments is still
a problem. A possible solution for this issue is the use of paper pipes lled with
soil. In our testbed, additional 7:5cm-diameter paper pipes are used for this purpose.
These new paper pipes contain the same soil which is taken out from the digging
process. These pipes, with both ends sealed, can have dierent lengths, helping to
make experiments for dierent burial depths.
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(a) (b)
Figure 3.5: (a) The preparation and installation of paper pipes. (b) Paper pipes used
in 10cm-diameter and 90cm-depth holes for a temporary WUSN testbed [33].
Table 3.1: Example of a soil analysis report.
Depth Organic Matter Texture %Sand %Silt %Clay
0-15cm 6:4 Loam 27 45 28
15-30cm 2:6 Clay Loam 31 40 29
30-45cm 1:5 Clay Loam 35 35 30
3.2.2 Soil Texture and Soil Moisture
The soil characteristics have a strong inuence on the signal attenuation [1, 2, 28,
33]. As a consequence, WUSN experiments realized without the characterization of
the soil are incomplete. In parallel with the preparation of the testbed, soil samples
must be collected and sent to a specialized laboratory for soil analysis. The soil texture
analysis provided by the laboratory presents very important parameters to be added
in all results from the testbed. In Table 3.1, the soil analysis from the testbed in [33]
performed by a specialized laboratory [57] is presented as an example.
32
Besides the soil texture, the water content (WC), or soil moisture, is other param-
eter to be included in every WUSN experiment report. However, dierently from the
soil texture, which is very stable for the same site, the WC is dynamic and depends
on the environment and the weather. Moreover, the WC also varies as a function of
the burial depth [17, 46]. These facts are important because the WC can signicantly
modify the results of an experiment, as suggested in [2, 22, 33, 46].
There are two basic methods to measure the amount of water in the soil: soil
water content and soil water potential measurements [17]. The soil water potential
measurement, expressed in bars units, is related to the energy status of the soil water.
Tensiometer and electrical resistance sensors are some examples of soil sensors that can
be used to gather water potential measurements. This method provides a more realistic
measurement of the actual plant water stress and, therefore, has a signicant value for
irrigation purposes. On the other hand, the soil water content measurement provides
an eective measurement of the portion of water in the soil sample. This aspect has a
direct relation with the dielectric properties of the soil [28] and, consequently, impacts
the underground wireless communication behavior [2, 22, 33, 46].
The soil water content (WC) can be expressed in two forms: gravimetric water
content (GWC) and volumetric water content (VWC). A method called oven drying
method is usually used to calculate the GWC [17]. This method consists of separating
and weighing a sample of the soil. Then, this soil sample is completely dry in an oven
and it is weighed again. The dierence in the weights divided by rst measurement
represents the VWC in the soil sample, a number varying from 0 to 1. Having the
GWC value, the VWC can be obtained by [17]:
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VWC =
GWC  soil
water
; (3.1)
soil =
msoil
Vsoil
(3.2)
where VWC and GWC are the volumetric water content and gravimetric water content
of the soil sample, respectively, soil is the soil density in g/cm
3, water is the water
density (1g/cm3 at 4oC), msoil is the mass of the soil sample in g, and Vsoil is the
volume of the soil sample in cm3.
Despite its simplicity, the direct evaluation of the VWC using the gravimetric
method is not practical for the WUSN testbed for three reasons. First, the gravimetric
method implies that a soil sample must be regularly removed from the testbed and
this continuous process is time-consuming and destructive. Second, the conversion
GWC to VWC given by (3.1) depends on the bulk soil density parameter. This density
changes for dierent burial depths and its measurement requires additional attention
[17]. As a result, the good accuracy of the GWC measurement can be compromised
in the VWC conversion. Finally, it is not possible to have a signicant number of
measurements of the VWC on a long-term experiment. For instance, if we would like
to analyze the eects of the rainfall over the WUSN communication, the presence of
a person continuously taking soil samples would be required. Instead, the use of soil
moisture sensors that can dynamically take VWC measurements are required in the
testbed. Some examples of these sensors are the time domain reectometer (TDR)
and capacitance-based devices [17]. Recent work in WUSN show the successful use
a capacitance-based sensor, ECH2O EC-5 [55] sensor [8, 46, 31], for water content
measurements.
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The WC measurements must be collected frequently to conrm that the same WC
value is present during the experiments. This is specially recommended when a set of
experiments is partitioned into many dierent sessions and distinct days. This continu-
ous need of taking WC measurements during a set of experiments, is another reason for
the use of soil moisture sensors as part of the testbed infra-structure. The soil texture
and the WC must be informed together in the experiments reports. The comparisons
between experiments realized in dierent testbeds are only feasible including with these
parameters in the analysis.
3.2.3 Antenna Orientation
Usually, the antenna orientation is not a very critical factor for over-the-air wireless
communication experiments. However, considering the extreme attenuation due to the
soil propagation, the antenna orientation is an additional constraint to be considered
in the deployment of WUSNs, specially for multi-hop underground networks, where
the communication range varies based on the antenna orientation. Accordingly, the
experiments in a WUSN testbed can be easily compromised if the antenna orientation
is not carefully adjusted.
To illustrate the impacts of antenna orientation, experiments are performed by
placing a sender and a receiver, both Mica2 motes [54], at dierent angles as shown
in Fig. 3.6(a) [33]. The vertical polarization of the antennas is specically adopted
because preliminary tests proved that it provided the best results for our WUSN testbed
environment, however the explanation in this section also applies to other types of
antenna polarization.
The original antenna of a Mica2 mote is a standard one-quarter wavelength monopole
antenna with 17cm-length. It is well known that the radiation pattern of this type of
antenna does not exhibit a perfect omni-directional radiation pattern. Therefore, it
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Figure 3.6: The scheme used to test the eects of the antenna orientation in the wireless
underground communication [33].
is expected that changes in the antenna orientation causes variations on the signal
strength of the receiver node. These variations are specially signicant when the un-
derground scenario is considered. The experiments are performed at a transitional
region, that is, nearby the boundaries of the underground communication range [53].
In Fig. 3.6(b), the packet error rate (PER) is shown as a function of the node
orientation. When the relative angle varies from 90o to 340o, the PER increases and the
orientation of a node has a signicant impact on the communication success. When the
antenna orientation is between 120o and 300o, the communication between the nodes
is not possible.
To avoid the interference of the antenna orientation over the experiments results,
it is important to choose a unique antenna orientation for all experiments in a WUSN
testbed. In our experiments, only the 0o orientation (Fig. 3.6(a)) is used in order to
eliminate the eects of the antenna orientation. Naturally, for every combination of
sensor node type and its antenna, dierent antenna polarizations and orientations can
be adopted as the default conguration for all experiments. Accordingly, an experiment
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similar to the one shown in Figs. 3.6 must be performed to maintain the accuracy of
the results and also to provide the recommendation of the best conguration for the
sensor deployment.
3.2.4 Misalignment of RF Measurements
In an ideal wireless testbed, the best accurate tools are selected to be used as the
instrumentation for the RF measurements. However, this is not usually the case for
WUSN testbeds for two reasons. First, it is a common approach in WUSNs to use the
sensor nodes to cooperate and provide the most reliable and ecient communication
solution. Therefore, sensor nodes are expected to be also used as network instrumenta-
tion. Second, if a special and more accurate instrument, such as a spectrum analyzer,
is used at the receiver side of the experiment, the grid idea cannot be applied and
multiple tests must be performed one-by-one. The natural consequence is the increase
of the time to conclude the experiments.
The grid-based testbed layout involves the measurements from many sensor nodes.
Therefore, it is expected that dierences between the RF measurements from dierent
sensor nodes cause signicant accuracy issues. In the context of a WUSN testbed, this
issue is referred as misalignment problem. A node is dened to be aligned with a given
set of nodes, if:
 its PER varies at most 10% from the average PER calculated for the set of nodes
and
 its RSSI average varies at most +/-1 dBm from the average RSSI for the set of
nodes.
Usually, the nodes present dierent receiver sensitivities [54]. This fact could
cause the mentioned misalignment problem and the accuracy of the experiments can
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be compromised. Considering this, a balanced approach adopted in a WUSN testbed is
to continue using the sensor nodes as part of the RF instrumentation, but selecting only
a subset of the nodes. The selected nodes for an experiment are the ones previously
qualied to perform the RSS measurements. Therefore, before using the sensor nodes
for the WUSN experiments, they are tested in typical WSN scenarios, using over-the-
air tests, in a process called qualication test. The reason for this test is explained by
the following example.
Suppose that we want to test 3 receiver nodes, all placed in the same hole at
dierent burial depths. The results from this experiment can only be validated if these
nodes present similar RSS measurements for an over-the-air test, using the same inter-
node distance. If this is the case, the distinct underground measurements provided by
the nodes at dierent burial depths are actually related to the burial depth eects and
not a dierence caused by their receiver sensitivities.
As an example of a qualication test, one sensor node is assigned with the role
of broadcasting (over the air) a total of 200 packets, 30 bytes each, to a set of nodes
located in the same physical position and exactly with the same antenna orientation.
The transmit power used by the sender node must be small in order to allow the
RSS/PER comparison at critical conditions. Usually, we use -10dBm as the transmit
power of the sender and 5m as the inter-node distance between the sender and the
set of nodes under qualication process. After the test, the results are collected from
each node and only the subset of nodes that have similar PER and average RSSI, as
previously dened, are selected to participate in the experiment. However, this kind
of approach has at least two drawbacks. First, the process is very time-consuming
and must be repeated every new day/session of experiments. Second, usually it is not
possible to use all the available nodes for the experiment, which means that the grid is
constrained by the number of qualied nodes. For instance, in our experiments, using
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Mica2 motes, generally only 50% of the available nodes were qualied for each day of
experiments. Surprisingly, the qualied nodes are not always the same nodes. The use
of sensor nodes as instrumentation for RF measurements requires a huge eort in order
to maintain the accuracy of the results. Also, the total number of nodes to be available
for a WUSN testbed is signicantly higher than the actual number of nodes used in
the experiments.
3.2.5 Transitional Region of WUSNs
It is well known that in traditional wireless communication (air channel) there is a
region where the reliability of the signal varies, until the point where the communication
ceases. It was reported that this issue is highly accentuated in WSNs and this critical
region is called the transitional region [53]. However, results from preliminary UG2UG
experiments show that the underground transitional region is signicantly smaller than
its air channel counterpart [33]. As already commented, the main problem with wireless
underground communication is the very high signal attenuation caused by the soil
[1, 2, 22, 33]. At the same time, usually sensor nodes present low-power RF transceivers.
The combination of these factors results in a very small width of the transitional region.
This fact causes problems in realizing WUSN experiments and it is one of the main
reasons for the small number of experiments in this area.
The identication of the transitional region in a WUSN environment, which denes
the limits of the communication range, is tied to the burial depth of the nodes, the
soil texture, and the WC. For instance, in some of the UG2UG experiments in [33],
the transitional region presented a width smaller than 15% of the maximum inter-
node distance. More specically, with a maximum inter-node distance of 100cm and
a transmit power level of +5dBm, the transitional region is located between 85 and
95cm. Therefore, such small distance is very critical: an imperceptible slight movement
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(a) (b)
Figure 3.7: (a) Normal measurements when transmit power level is +5dBm. (b) The
clipping eect when transmit power level is +10dBm.
in one direction, when burying the node, causes the change from a good communication
region to a transitional region. Therefore, if the tests are being realized very close to
the transitional region, a careless manipulation of the sensors can cause signicant
interferences in the results.
Considering all the presented facts, the recommendation is to limit all the experiments
to a secure region which is not the transitional region. Restricting the experiments in a
secure region is a way to preserve the quality and accuracy of the WUSN experiments.
For instance, if WC experiments are realized in the transitional region, it will not be
clear if the RSS and PER results uniquely reect the WC eects or if the results are also
aected by the instabilities of the transitional region. On the other hand, for instance,
experiments realized at 50% of the maximum inter-node distance present very stable
results and the repeatability and comparisons between experiments are feasible in this
secure region [33]. Naturally, the exception for this guideline is when the maximum
inter-node distance and the transitional region are the aspects under investigation in
the experiments.
Many aspects or variables that can potentially interfere with the quality of the
WUSN experiments are considered in this section. Guidelines are provided to minimize
the issues or completely eliminate the interference of one or multiple variables. The
qualication phase is particularly very important due to the well known dierences in
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the transceiver performances of low-cost sensor nodes. However, even with a qualied
set of nodes, the interpretation of the results can still be aected by the way the RF
measurements are realized. Guidelines to realize such measurements are provided in
the next section.
3.3 Standardized RF Measurements
A WUSN testbed is generally used to provide the infrastructure necessary for
the realization of comparisons between experimental results and the predictions made
by theoretical models. However, it has been reported that sensor nodes are being
used to make RF measurements, generally the RSS [3, 53]. This is usually necessary
and desirable because many communication protocols take advantage of the use of the
sensor node as an RF measurement tool to make decisions related to multi-hop schemes,
topology, localization, etc. However, it is possible to identify some issues related to the
use of sensor nodes for such measurements. In this section, a methodology to avoid the
issues caused by the limitations of the sensor node receiver circuitry is presented along
with guidelines to correctly estimate the path loss exponent.
Clipping Eect. Wireless communication channel models usually use empirically
determined parameters, such as path loss exponent (PLE). In aWUSN testbed scenario,
the sensor nodes can be used to take RF measurements for the estimation of such
parameters. However, these measurements can introduce distortions in the results. The
following case involving Mica2 motes was observed in our experiments and illustrates
the problem.
Based on the well known Friis free space propagation model [30, 47], it is expected
that an increase in the inter-node distance between sender and receiver corresponds to
a decrease in the received signal strength. This scenario is illustrated in Fig. 3.7(a),
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where RSS are reported for dierent distances between the sender and the receivers.
However, when the transmit power level of the sender node increases from +5dBm to
+10dBm, the RSS measurements do not match the 5dB increase, as illustrated in Fig.
3.7(b). We refer to this issue as the clipping eect. Consequently, the clipping eect
creates distortions in the PLE estimation. The PLE expresses the rate at which the
signal power decays as a function of the distance [30] and it is an important input pa-
rameter in many WSN/WUSN communication models [53]. This parameter is usually
calculated based on many RSS measurements performed by the sensor nodes. If the
PLE estimation is not accurate, there will be distortions between the estimations of
the communication model and the experimental data provided by the testbed.
The clipping eect is caused by the limitations of the receiver circuitry of the
sensor node. In Fig. 3.8, a typical RF circuitry of a sensor node is shown. If a strong
signal is received above a certain limit specied by the manufacturer of the sensor, a
limiter circuit will operate and a maximum RSS will be informed as the RSSI level.
Accordingly, dierent signal levels will correspond to the same informed RSSI and this
is the clipping eect.
The clipping eect is challenging because it depends specically on the hardware.
Moreover, the nominal value of the maximum RSS informed by the manufacturer may
also vary as already mentioned in Section 3.2. The consequences of the clipping eect
on a WSN/WUSN testbed are as follows:
 Incorrect interpretation of the testbed data: The communication model
can predict a RSS value and the experimental data can show a smaller result. If
this smaller value is exactly the maximum nominal RSSI of the receiver, probably
this is not a model mismatch.
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Figure 3.8: Typical receiver circuitry of a sensor node.
 Inaccuracy in the model prediction: If the communication model is using
the testbed to obtain certain empirical parameters, such as PLE, the results of
the model will be negatively aected by these incorrect measurements.
Although the rst mentioned consequence is not critical because it is only related
to the way the experimental data from the testbed is analyzed, the second consequence
must be avoided or solved. Therefore, in the case of PLE estimation, only combinations
of transmit power levels and inter-node distances that are clearly not aected by the
clipping eect can be used. This guideline is specially important when dening the
reference distance for PLE measurements [30]. Accordingly, guidelines to calculate
PLE are necessary along with a methodology to correctly choose the proper reference
distance to avoid the mentioned clipping eect.
Path Loss Exponent Estimation Using Sensor Nodes. The PLE is an essential
input parameter in wireless communication models and the following guidelines are
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provided in order to increase the accuracy of the PLE's estimation when using sensor
nodes to realize the RF measurements:
Select the reference distance d0: The typical approach to determine the received
power from the receiver node's perspective, located a distance d from the sender node,
is the use of the well known Friis equation related to the free space propagation model.
However, the application of this equation assumes the availability of detailed informa-
tion about the antennas gain/losses, the overall losses due to transmission line attenu-
ation, lter losses, etc. Another more practical approach to predict the received power
at a given distance d from the sender is the use of direct measurements in the radio
environment [30]. For this approach, a reference distance d0 from the sender node is
chosen. This distance d0 must be determined considering two simultaneous constraints:
 d0 must lie in the far-eld (Fraunhofer) region: The far-eld region is
dened as the region beyond the far-eld distance df which is dened by [30]:
df =
2D2

; (3.3)
where D is the largest physical linear dimension of the antenna and  is the
wavelength of the RF wave in meters. For instance, for the Mica2 node operating
at 433MHz, D is approximately 0:17m and, therefore, df is 8:3cm. In this case,
d0 must be greater than 8:3cm.
 d0 must be smaller than any distance d used in the deployment of the
nodes (d0 <d): For instance, for the over-the-air path of the UG2AG/AG2UG
links using Mica2, it is usual to consider d0=1m because the minimum inter-node
distance between the sensors is typically higher than 1m.
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After selecting a value for the reference distance d0, the next step is to setup the
sender at its minimum transmit power and collect the RSS measurements at the re-
ceiver. An additional RSS measurement is taken considering at this time the maximum
transmit power. The dierence between both measurements must be approximately the
nominal dierence between the maximum and minimum transmit power levels used. If
this goal is not achieved, a higher value for d0 must be chosen and the above tests must
be repeated. In the experiments in [33], the distance d0 is 10m. Any RSS measurement
for inter-nodes distances smaller than 10m will have an error due to the nature of the
RF instrumentation used (the sensor node itself). However, if a spectrum analyzer
is used, the reference distance d0=1m could be adopted without any loss of accuracy.
Naturally, the value for d0 will vary for dierent models of sensor nodes and their an-
tennas. Moreover, the use of multiple receivers will improve the quality of the results
in the procedures described in this section.
Take RSS measurements for distances d>d0: Congure the maximum transmit
power level at the sender and take many RSS measurements for inter-node distances
higher than d0. For the experiments with Mica2 motes in [33], which used +10dBm
for the transmit power, two additional distances are used for the RSS measurements:
d1=15m and d2=20m.
Apply a linear regression technique to estimate PLE (): Using the following equa-
tion and applying Minimum Mean Square Error (MMSE) technique [30], it is possible
to estimate PLE () to be used by the wireless communication model.
p^i = p(d0)  10 log10(di=d0) ; (3.4)
where p^i is the measured RSS for each measurement instance i.
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Figure 3.9: Software architecture of the WUSN testbed. (a) The manager sends the
conguration to the sender. (b) The sender starts the experiment and (c) informs the
conclusion. (d, e) The manager captures the results.
Even if the PLE is not expected to be used, the approach observed in the presented
methodology represents the set of best practices for RF measurements using sensor
nodes in generic WSNs. In this way, any parameter to be used in a communication
model which is based on RSS measurements of sensor nodes must follow a similar
approach aiming the accuracy of the investigated model. The guidelines presented in
this section can be applied to any WSN experiment. In fact, their relevance with this
work is mostly related to the air path of the UG2AG and AG2UG experiments.
3.4 WUSN Testbed Software Architecture
A simple and eective software architecture to be used in WUSN testbeds is pre-
sented in this section. The software architecture is illustrated in Fig. 3.9. One node,
called manager, sends the conguration data for the experiment to a node called the
sender. The conguration data must include the following parameters: transmit power
level, delay between the messages, size of each message, and the total number of mes-
sages for the experiment. In the Fig. 3.10, a screenshot of our WUSN testbed software
running in a laptop is shown.
After receiving the conguration data from the manager, the sender broadcasts
the messages. After the broadcasting period, the sender informs the manager node,
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via radio channel, that it nished this phase. At this moment, the operator of the
experiment can request the results from each receiver node via radio channel. It is also
possible to select multiple senders to start a transmission contention experiment.
The software in the manager node stores the conguration data for a given exper-
iment, the manual annotations from the operator for that experiment, and the results
from each receiver in a local le. If a receiver node receives a request for the results of
an experiment but it did not have anything in its buer, it returns a message to the
manager informing no results, that is, packet error rate (PER) = 100%. After sending
the results to the manager, the receiver erases its buer. Also, if the receiver receives
messages from a new experiment, it automatically erases the previous results which
were not requested by the manager.
For the realization of long-term experiments, i.e., experiments that are extended
for a longer period of time, such as 24 hours, some modications in the previous archi-
tectural scheme are necessary. First, the operator congures the experiment informing
its long-term feature. Then, a special message is sent from the manager to the sender
node. This special message informs the sender that it must broadcast messages with
a higher interval, e.g., every minute. The message broadcasted by the sender to the
receivers also has the information regarding the long-term experiment. Accordingly,
the receivers will store the results into their Flash memories due to the fact that the
RAM memory is not usually large enough to buer all the results. Finally, the process
of capturing the results must also be modied for the long-term experiments. If the
radio channel is used for the transfer of long-term results, the process could take hours
to nish. The solution is to have each receiver directly connected to the computer
acting as the manager to start the dump of the experiment results. In fact, this is the
only situation where a cable (usually USB or serial) is necessary in the WUSN testbed.
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Figure 3.10: A screenshot of the WUSN testbed software running in a laptop.
Each broadcasted message in a given experiment has a sequence number. When
the receiver receives that message, it saves in its buer a summary of the message: its
sequence number and the RSSI level related to the reception of the message. The RSSI
information is provided by the transceiver of the sensor node as previously discussed
in Section 3.3. Therefore, the summary of the message has exactly the same size in
the receiver's buer irrespective of the size of the message. The sequential numbers
are used to identify if the loss of packets occur. Therefore, this observation can help
to identify if the experiment suered interference during its realization. If this is the
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case, the experiment can be promptly repeated or the source of interference can be
identied.
Experiment Setup: nal guidelines. Related to the preparation of a WUSN exper-
iment, the following aspects must be known a priori:
 Soil texture: This evaluation is realized once, for a given testbed location. The
soil texture report must be done for dierent depths, as shown in Table 3.1.
 Water content (WC): This evaluation must be frequently performed. Moreover,
it is very important to know the values of WC for dierent burial depths of the
sensors to be tested.
 Attenuation due to the use of paper/plastic pipes: This evaluation is realized
once, when the WUSN testbed is being built. The xed average RSS dierence
between the results with and without the pipes are recorded. If they cannot be
neglected, all the RSS results from the experiments must be adjusted accordingly.
 Default antenna orientation: This evaluation is realized once, for a given model
of sensor node and its antenna. As previously mentioned, once the best antenna
orientation is found, all the experiments must use the same antenna scheme.
 Transitional region: The range of this value will change as a function of the
soil composition, WC, frequency, and transmit power. It is necessary to know, a
priori, the dierent values for this region according to the mentioned parameters.
Therefore, experiments in the transitional region must be avoided when trying to
analyze a specic aspect of the WUSN communication.
The rst step in the preparation for a WUSN experiment is the qualication test,
exemplied in Section 3.2.4. After having the set of nodes to be used, the next step is
the assignment of the roles for the sensor nodes. Considering that the manager node
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does not interfere on the results because it only triggers the start of the experiments
and captures the results, the manager node can be elected randomly from the set of
available nodes and there is no need to change its role. The node presenting smaller
variance in its qualifying results must be selected as the sender. The same sender
node can be used for all experiments in a single session. However, the use of the same
sender node for dierent experiments sessions, e.g., dierent days, is not recommended.
Therefore, the remaining qualied nodes can act as receivers. After the preparation
phase, the WUSN experiments can be performed.
To conclude, it is clear that the development of an outdoor WUSN testbed and
the realization of WUSN experiments are very challenging. In this section, a set of
guidelines are provided to achieve a balanced approach between high accuracy and a
practical implementation of a WUSN testbed. The basic approach behind the pro-
posed guidelines is the identication and elimination/mitigation of each variable in the
testbed.
A WUSN testbed architecture is presented and some aspects, such as the physical
layout and software are discussed. The use of paper and plastic pipes are considered
in detail, explaining the advantages of these devices in the process of burying and
unburying sensor nodes. The inuences of the antenna orientation and the soil moisture
are highlighted. The importance of the qualication tests and procedures to identify
the transitional region in a WUSN are also discussed.
These guidelines are a contribution to the eorts in completely modeling the wire-
less underground communication and developing simulation environments. To achieve
this objective, an accurate outdoor WUSN testbed is essential for the evaluation of the
theoretical communication models for WUSNs. The next two sections provide valuable
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examples of the relation between the application of the proposed guidelines in this sec-
tion and the accuracy of empirical WUSN results. In Figs. 3.11-3.14, some pictures of
the testbeds used to realize these experiments are shown.
Figure 3.11: Burying a sensor without using paper pipes.
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Figure 3.12: Testbed for UG2UG experiments.
Figure 3.13: Testbed for UG2AG and AG2UG experiments.
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Figure 3.14: Temporary testbed for UG2AG and AG2UG experiments inside a crop
area.
Chapter 4
Empirical Analysis of Underground-to-Underground
Communication Channel
In this chapter, the experimental work realized to support the development of the
theoretical SSWC underground channel model is discussed [33]. The outdoor experi-
ments were realized during July 2008 to December 2009 period and involved hundreds
of hours of very well controlled procedures for dierent weather conditions, including
rainfall and ice. The results of this empirical investigation are summarized here. More
specically, the results of outdoor UG2UG experiments [33] using 45 commodity WSN
sensor nodes (operating at 433MHz and 2:4GHz) are presented.
The experiment results show a good agreement with the evaluation of the model
proposed in [2, 22] for the 40-cm burial depth. Moreover, the results conrm that the
wireless underground channel: (a) exhibits a smaller attenuation at low burial depths,
e.g., < 30cm, (b) presents a high degree of temporal stability compared to its air
counterpart, and (c) is adversely aected by the volumetric water content (VWC) of
the soil. Finally, the results show the potential feasibility of the WUSNs, especially
with the use of more powerful RF transceivers at smaller frequencies, e.g., 300-500MHz
band. In Section 4.1, the experimental methodology is described and, in Section 4.2,
the experiment results for the UG2UG communication link are presented. The results
of this section are also used to validate the SSWC channel model described in Chapter
5.
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(a) (b)
Figure 4.1: (a) Outdoor environment of the experiments. (b) Symbols used for dis-
tances.
4.1 UG2UG Experiment Setup
The underground experiments were carried out in University of Nebraska-Lincoln
City Campus on a eld provided by the UNL Landscaping Services during August-
November 2008 period. The analysis of the soil texture of the experiment site is shown
in Table 3.1, according to laboratory analysis [57]. For the majority of the experi-
ments, Mica2 motes [54] operating at 433MHz are used. This frequency range has been
theoretically shown to exhibit better propagation characteristics [2]. Additional exper-
iments are realized with MicaZ and IRIS motes [54]. The underground experiments
were performed by digging 10 holes of 8 cm-diameter with depths varying from 70 to
100cm with an electric auger. A paper pipe with an attached Mica2 mote is injected
to each hole at dierent depths, following the guidelines described in Chapter 3. The
experiment site is shown in Fig. 4.1(a)(a).
For the experiments, a software suite, called S-GriT (Small Grid Testbed for WSN
Experiments), is developed to perform long duration experiments without frequent
access to the underground nodes [33, 37], as described in Section 3.4. The experiment
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setup and the terminology used in representing the results are illustrated in Fig. 4.1(b),
where dbg is the burial depth of the node, dh is the horizontal inter-node distance,
and da is the actual inter-node distance. The superscripts s and r are also used to
indicate sender and receiver. These values, as well as the transmit power, are varied
to investigate the packet error rate (PER) and received signal strength (RSS) values of
underground communication.
The experiments are realized for 4 transmit power levels, i.e., -3dBm, 0dBm,
+5dBm, and +10dBm. 30-byte packets are used with 100ms between each packet.
Each experiment in this work is based on a set of 3 experiments with 350 messages or
2 experiments with 500 messages, which result in a total of 1000 packets. The number
of packets correctly received by one or more receiver nodes are recorded along with the
signal strength for each packet. Accordingly, the packet error rate (PER) and the RSS
level from each receiver are collected. To prevent the eects of hardware failures of
each individual Mica2 nodes, qualication tests have been performed before each ex-
periment. Accordingly, through-the-air tests, which consists of 200 packets of 30 bytes,
are performed to (1) determine compliant nodes and (2) conrm that the battery level
of a node is above a safe limit. A node is labeled compliant with a given set of nodes if
(1) its PER varies within 10% of the average PER calculated for the set of nodes and
(2) its RSS average varies, at maximum, +/- 1 dBm from the average RSS for the set of
nodes. The safe limit for the battery level has been determined as 2:5V. We observed
that, in general, only 50% of the 11 nodes used were qualied for each experiment.
56
4.2 UG2UG Experiment Results
The results are presented considering how some important parameters aect the
wireless UG2UG communication: the antenna orientation, the burial depth, the inter-
node distance, and the soil moisture. Moreover, the temporal characteristics of the
wireless underground communication channel are also discussed.
Antenna Orientation. The details of this experiment result were previously
presented in Section 3.2.
Eects of Burial Depth. The eects of the burial depth on the signal strength
and PER are investigated. Accordingly, the horizontal inter-node distance between the
sender and the receiver is xed (dh=50cm), the burial depth of the sender is also xed
(dsbg=40cm) and the depth of the receiver is varied from 10 to 100cm using dierent
transmit power levels. In Fig. 4.2(a) and 4.2(b), the RSS and PER values are shown,
respectively, as a function of the receiver depth. The actual distance, da, between the
sender and the receiver is also indicated in parenthesis on the x-axis. Each line in the
gures shows the results for dierent transmit power levels. In Fig. 4.2(a), the variance
of the RSS is also shown along with the average values for each point.
As shown in Fig.4.2(a), an increase in the actual inter-node distance, da, decreases
the signal strength. The highest signal strength corresponds to the receiver depth
of 30-40cm and the signal strength gradually decreases if the receiver burial depth is
smaller than 30cm or higher than 40cm. One exception to this case is drbg = 0cm, where
the signal rays from above the ground impact the received signal strength positively
and increase the RSS for each transmit power level. An important observation is the
signicant dierence of RSS values at the same inter-node distances but at dierent
burial depths. As an example, an additional attenuation of 20dB is observed for the
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same inter-node distance of da=58cm, when the receiver is buried at 70cm compared
to the burial depth of 10cm. This behavior occurs mainly due to the reection of RF
signals from the soil surface, which positively aects the RSS when nodes are buried
closer to the surface. This result has a fair agreement with the model proposed in
[2, 22].
It can be observed in Fig.4.2(b), that for the receiver burial depth of 70cm, the
PER increases (0:1<PER<0:2) and an increase in burial depth to 80cm results in
a communication loss. Note that this behavior occurs for all transmit power levels,
highlighting that the burial depth plays an important role in the connectivity of the
WUSN design. It can also be observed in Fig.4.2(a) that the RSS values have a very
small variance for all depths and transmit power levels. Accordingly, for a given node
deployment, the underground communication channel is very stable as long as the
composition of the soil does not change. The only exception is the eect of varying the
VWC.
Eects of Inter-node Distance. The eects of the inter-node distance on the
signal strength and PER are investigated. Accordingly, the burial depth of the sender
and the receiver is xed (dsbg=d
r
bg=40cm), and the inter-node distance is varied from 10
to 100cm using dierent transmit power levels. For completeness, the same experiment
is repeated for MicaZ and IRIS motes [54], with transmit power levels of 0dBm and
+3dBm, respectively. In Fig. 4.3(a) and 4.3(b), the RSS and PER values are shown,
respectively, as a function of the depth of the receiver for dierent transmit power
levels. The variance of the RSS values are also shown.
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Figure 4.2: Eects of burial depth on the UG2UG communication performance. (a)
RSS vs. depth of the receiver (drbg) and actual inter-nodes distance da. (b) PER vs.
depth of the receiver (drbg).
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As shown in Fig. 4.3(b), the maximum inter-node distance is found to be between
80 and 90cm for transmit powers of +5 and +10dBm, and 50cm for -3 and 0dBm. For
transmit power of -3 and 0dBm, when the inter-node distance varies from 60 to 70cm,
the signicant decrease of the signal strength can be observed in Fig. 4.3(a), which
results in an abrupt PER increase as shown in Fig. 4.3(b). These results reveal the
limitations of typical WSN nodes, such as Mica2, considering the use of a low-power
transceiver (<+10dBm). In [2, 22], it has been reported that a path loss of about 30dB
corresponds to an inter-node distance of 100cm, which is also observed in Fig.4.3(a),
where attenuation of almost 30dB for an inter-node distance of 90cm is observed with
transmit power of +10dBm.
The performance of the communication using MicaZ (0dBm) and IRIS (+3dBm),
for dierent burial depths and inter-node distances, is shown in Table 4.1. The value,
Yes, in the column, Comm. success, indicates that the communication is possible
with a PER 97%. As shown in Table 4.1 and also in Fig. 4.3(b), the use of MicaZ
and IRIS, which operate at 2:4 GHz, is limited to an inter-node distance of 10cm for a
burial depth dsbg=d
r
bg=40cm. This result also agrees with previous UG2UG experiment,
which presented no communication for MicaZ motes under similar conditions [40]. This
experiment also suggests that a lower operating frequency, such as 433MHz used by
Mica2, is related to better propagation characteristics than a highe frequency, such as
2:4 GHz used by MicaZ and IRIS. Finally, the results agrees with recent theoretical
studies that highlight the need for lower operating frequencies for the feasibility of
WUSNs [2, 22].
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Figure 4.3: Eects of the inter-node distance on the UG2UG communication perfor-
mance. (a) RSS vs. horizontal inter-node distance (dh). (b) PER vs. horizontal
inter-node distance (dh).
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Table 4.1: Underground-to-underground communication using MicaZ and IRIS motes
Mote Burial depth (dsbg=d
r
bg) Inter-node distance (dh) Comm. success
MicaZ 10  40cm 10cm Yes
MicaZ 10cm 20cm Yes
MicaZ 10cm  30cm No
MicaZ 20  40cm  20cm No
IRIS 10  40cm 10cm Yes
IRIS 10  20cm 20cm Yes
IRIS 10  20cm  30cm No
IRIS 30  40cm  20cm No
Temporal Characteristics. The temporal characteristics of the wireless under-
ground channel are investigated. Accordingly, a 24-hour experiment is performed by x-
ing the horizontal inter-node distance between the sender and the receiver (dh=50cm),
the burial depth of the sender and the receiver (dsbg=d
s
bg=40cm), and the transmit
power at +10dBm. For comparison, the same experiment is repeated over-the-air in
an indoor environment with an inter-node distance of 5m and a transmit power of
+10dBm. In Fig. 4.4(a) and 4.4(b), the RSS and PER values are shown, respectively,
as a function of time. Each data point shows the average of 30 minutes of RSS or PER
information, which corresponds to 150 packets. In Fig. 4.4(a), the condence intervals
of the RSS is also shown along with the average values for each point as well as the
results of the over-the-air experiments. In Fig. 4.4(b), the temporal evolution of the
cumulative PER is shown for underground communication.
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As shown in Fig. 4.4(a), the maximum variation of the signal strength is only 1
dB. No precipitation event was registered during the period and only a 8oC variation
is observed on the temperature during the experiment. Compared to the over-the-air
communication, where both the average and the variance of the RSS vary signicantly
with time, underground wireless channel exhibits a stable characteristic with time. As
shown in Fig.4.4(b), during the same period of time, PER is always smaller than 0:5%
with a small variance. This result agrees with the model for wireless underground chan-
nel proposed in [2, 22], which points out the high stability of the wireless underground
channel. The temporal stability has a stronger impact on the development of routing
and topology control protocols for WUSNs.
Eects of Soil Moisture. The eects of the volumetric water content (VWC)
on the signal strength and PER are discussed. Accordingly, the burial depth of the
sender and the receiver is xed (dsbg=d
r
bg=40cm), two dierent inter-node distances
(dh=30cm and 40cm) are used in conjunction with two dierent VWC levels (dry and
wet soil), and the transmit power is varied. The dry soil experiments refer to tests
realized on Oct 20th, 2008, a sunny day, and the wet soil experiments were performed
on Oct 22nd, 2008, a rainy day, when 2:5 inches of precipitation was recorded. Based
on the oven drying method [17], the dierent VWCs are measured to be 14:6% for dry
soil 23:9% for wet soil, which corresponds to an increase of almost 60%in VWC. In Fig.
4.5(a) and 4.5(b), the RSS and PER values are shown, respectively, as a function of
the transmit power level of the sender. Each line in the gures shows the results for
dierent VWC and inter-node distances.
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Figure 4.5: Eects of the volumetric water content (VWC) on the UG2UG communi-
cation performance. (a) Comparison of RSS for dry and wet soils. (b) Comparison of
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As shown in Fig. 4.5(a), for high VWC, i.e., wet soil, the attenuation increases by
12 to 20dB compared to dry soil. The Fig. 4.5(b) also reveals that the increase of VWC
implies higher PER. We can also observe, from the Figs. 4.5(a) and 4.5(b), that the
negative eect of the VWC over the quality of the communication is reduced when the
transmit power is increased. Therefore, for a scenario where the natural or articial
irrigation is expected to occur, the design of the WUSN protocols should carefully
consider the variation of the VWC of the soil. For instance, the communication protocol
may consider the soil moisture measurements of a physical region to make informed
routing decision or even consider to temporarily raise the transmit power of some of
the nodes in order to decrease the adverse eects of VWC.
To conclude, the following underground channel aspects are highlighted:
 The orientation of the nodes' antennas plays an important role in the connectivity
of WUSNs.
 The burial depth signicantly aects the communication performance, with smaller
signal attenuation for shallower depths.
 The wireless underground channel has been found to exhibit extreme temporal
stability, which is important in the design of routing and topology control proto-
cols.
 For a given deployment and soil composition, there is a minimum transmit power
for which the UG2UG communication has the same reliability compared to cases
where higher transmit power levels are employed.
 The soil moisture has a very strong eect on the communication performance.
However, the negative eects can be mitigated with higher transmit power levels.
Therefore, the soil moisture information should be eectively integrated to the
design of WUSN networking protocols.
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In addition to the characteristics of wireless underground communication, the lim-
itations of the commodity sensor nodes for WUSNs are also observed as a result of
these experiments. It can be observed that for this specic Subsoil WUSN scenario,
the maximum communication range achieved is smaller than 1m. In terms of signal
attenuation, this corresponds to roughly a 1:20 attenuation rate compared to through-
the-air communication in an outdoor environment [3]. Consequently, a new generation
of nodes with more powerful transceivers and/or more ecient antennas are required
for the actual deployment of WUSN applications. Moreover, the observed range limi-
tation calls for the investigation of an alternate way of UG2UG communication. This
approach is properly investigated with the studies of lateral waves presented in Chapter
5.
Chapter 5
Underground Channel Model for WUSNs
The characterization of the underground channel is essential for the proliferation of
communication protocols for WUSNs. However, as observed from the results presented
in Chapter 3, the underground channel is signicantly dierent from the air channel.
In fact, the underground communication is one of the few elds where the environment
has a signicant and direct impact on the communication performance. Environmental
aspects, such as soil moisture and texture, potentially change the dielectric properties of
the soil and aect the wireless communication [2]. Moreover, deployment parameters,
such as the burial depth and the frequency, also have strong impact on the communi-
cation [2, 33]. Therefore, an underground communication channel must capture these
aspects related to the environment and nodes deployment.
After empirical studies [33, 35, 36, 37], the analysis of the empirical results leads
to the realization of a comprehensive characterization of the underground channel for
UG2UG links in WUSNs. Accordingly, the Soil Subsurface Wireless Channel (SSWC)
model is proposed for WUSNs. The SSWC model provides a way to predict the signal
attenuation and bit error rate (BER) for the UG2UG link. The model is composed of
ve components, as follows:
1. Dielectric properties model. The dielectric properties of the soil are cap-
tured based on the assumption that the volumetric water content (VWC) data, a
dynamic environmental parameter, is available. The remaining parameters, such
as the soil texture and bulk density, must be measured just one time because
they usually do not present temporal variability [16]. Accordingly, with these
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environmental parameters and the operating frequency, this model can predict
the soil permittivity and conductivity for the 300-1300MHz frequency range.
2. Direct wave model. This model estimates the attenuation suered by the
signal that propagates in a direct path between the nodes, i.e., the direct wave
(DW). Observe that although the SSWC is developed specically for UG2UG
links, the rst two mentioned models are fundamental parts of future UG2AG
and AG2UG channel models.
3. Reected wave model. This model estimates the attenuation suered by the
signal that is reected at the soil surface and reaches the receiver, i.e., the reected
wave (RW).
4. Lateral wave model. This model estimates the attenuation model suered by
the lateral wave (LW). The lateral wave propagation is also known as up-over-
and-down propagation [21].
5. Signal superposition model. This model estimates the resulted signal strength
from the superposition of DW, RW, and LW waves, given the transmit power level
of the transmitted signal. Therefore, the total signal attenuation and BER are
calculated and represent the outputs of the SSWC model. Therefore, depending
on multiple factors, such as the burial depth and the inter-node distance, one
of these signals can potentially dominate the signal superposition at the receiver
node. In practice, if one of the signals is higher than 10dB in relation to the
others, the resulted signal is essentially the higher signal with negligible eects
from the others.
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Figure 5.1: The received signal is a superposition of direct wave (DW), reected wave
(RW), and lateral wave (LW).
This chapter is organized as follows: In Section 5.1, an overview of the model and
its assumptions are provided. In Section 5.2, the model which predicts the dielectric soil
properties is presented. The direct wave (DW) and reected wave (RW) attenuation
models are developed in Sections 5.3 and 5.4, respectively. In Section 5.5, the lateral
wave (LW) attenuation model is presented along with an introductory about the lateral-
waves theory. In Section 5.6, the process of signal superposition at the receiver node is
described. This last component provides the estimation of the total signal attenuation
and BER for a transmitted signal with a known transmit power level.
5.1 SSWC Channel Model: Overview
In this section, an overview of the SSWC attenuation model for the UG2UG com-
munication in the soil subsurface region is provided. The contribution of each signal,
DW, RW, and LW, and the terminology used in this section are illustrated in Fig. 5.1,
where dbg is the burial depth of the node, dh is the horizontal inter-node distance, and
da is the actual inter-node distance. The superscripts s and r are also used to indicate
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sender and receiver. Related to the reected wave (RW), dRU is the distance between
the sender and the reection point at the soil surface and dRD is the distance between
this point and the receiver node. Dened with respect to the normal to the soil surface,
the angles of incidence and reection are respectively, I and R. Due to the Snell's
law of reection [47], I = R.
As shown in Fig. 5.1, the received signal is potentially a superposition of 3 waves
that follow dierent paths. The model for the direct wave (DW) signal attenuation is
the simplest one and basically counts for the attenuation due to the soil propagation.
The reected wave (RW) attenuation model incorporates an additional loss caused
by the reection at the soil surface. The permittivity of the soil, the orientation of
the antennas (polarization of the plane wave), and the distances dsbg, d
r
bg, and dh are
determinant factors to aect the reection loss.
The third component for the received signal is the lateral wave (LW). As shown in
Fig. 5.1, the path followed by the LW explains why the lateral wave propagation is also
called up-over-and-down transmission [10, 21]. However, a detailed investigation on this
topic [10], reveals that this phenomenon is maximum at the critical angle, c, but also
involves a wide range of values for I . Typically, c varies from 10
o to 20o and it is
exclusively a function of the dielectric properties of soil and air. The LW model is one
of the most complex components of the SSWC model because the analytical solution
for the integration of the expressions for determining the electric elds of lateral waves
has not been achieved so far [21]. Therefore, the feasible way to obtain the value
corresponding to the contribution of the LW component is by numerical methods [21],
which is also the approach adopted in the SSWC model.
Finally, the last component of the model, the signal superposition model, calculates
the positive or negative contribution among the signals due to their magnitude and also
phase shifting.
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As previously highlighted, the SSWC model presented in this work does not com-
pletely address all possible antenna schemes (types and orientations). More specically,
for the sake of reducing the overall model complexity, the LW model assumes the use
of an isotropic dipole in the horizontal orientation (parallel to the soil surface). There-
fore, the adoption of a dierent antenna scheme implies the introduction of a distortion
in the SSWC model. To reduce the impact of this issue, the SSWC model provides
distinct antenna factors for each type of signal (DW, RW, LW). These factors are input
parameters of the model, as explained in Section 5.6. However, to obtain the values of
these factors, further analytical or empirical investigation is necessary. Fortunately, in
practice, the latter option may be sucient without highly compromising the accuracy
of the model.
A second assumption of the SSWC model is the use of insulated antennas. In
practice, this assumption does not have serious implications for antennas with small
size. For instance, the original antennas of the Mica2 motes are already insulated.
A third model assumption is that the antenna is not in a container. For instance, if
the antenna is enclosed in a plastic box lled with air, the electromagnetic model is
signicantly altered. More specically, related to the LW model, this new form of node
deployment would require modications in this model to extend its application for a
stratied media (air/soil/air).
Another model assumption is a non-magnetic soil, which is usually is the case.
Finally, the dielectric model is based on an existing model [28] which is constrained to
the 300 1300 MHz frequency range. Naturally, dierent dielectric models can be used
for other frequency ranges. However, previous studies reveal that this frequency range
is a balanced option for WUSNs [2, 33]. This conclusion is also conrmed in the model
evaluation discussed in Section 5.8.
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5.2 Dielectric Soil Properties Model
The soil is a dielectric material, characterized by a specic relative permittivity or
dielectric constant. The propagation of EM waves is directly aected by the permit-
tivity of the material. More specically, a smaller value of the relative permittivity
basically implies better conditions for the propagation of EM waves. The soil medium
behaves as a dielectric material composed of air, bound water, free water, and bulk
soil. Additionally, if the soil presents a smaller bulk density, it means that the soil has
a higher porosity. In this case, the attenuation of the EM waves is smaller due the
higher quantity of air in the medium. On the other hand, the presence of water in soil
has a strong adverse eect on the signal attenuation. In fact, the quantity of water in
the soil, e.g., the volumetric water content (VWC) is the main attenuation factor for
the propagation of EM waves in soil [1, 2, 33, 35, 36].
The volume of water in the soil (VWC) is composed of two parts, the bound water
and the free water. The bound water corresponds to water molecules tightly held to
the surface of the soil particles. The free water corresponds to water molecules free of
action of soil particles [6], i.e., located in the voids between the soil particles. Therefore,
for the same VWC value, a soil sample can contain more free water than other sample
due to dierences on the soil texture of the samples. More specically, the quantity and
also the type of clay particles determine the amount of bound water in the soil [6, 16].
This fact will be demonstrated in the Section 5.8, where a variation of the more than
20dB is observed for the same VWC and dierent soil textures. The explanation for
this is the fact that the dielectric properties of the bound water are dierent from the
free water. Therefore, in the dielectric model, dierent weights are expected for bound
and free water. This is exactly what it is observed in equation 5.1, which is discussed
latter.
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A soil where clay particles are predominant, such as the one classied as clay in
Fig. 2.3, is typically worse for underground communication than a sand soil. From the
physics of soils [16], it is well known that a gram of clay absorbs much more water than
a gram of silt or sand. The water absorption is a direct function of the surface area of
the soil particle and clay particles have higher surface areas than silt and sand particles.
Observe that the surface area is inversely proportional to the size of the particles. Since
clay particles are very small compared to sand particles, e.g., more than 25 times, they
absorb more water in the form of bound water, as previously explained.
Besides the VWC, the frequency of the signal also aects the relative soil permit-
tivity and, thus, the level of attenuation suered by the EM wave. The soil permittivity
is a non-linear function of the frequency [6]. Moreover, depending on the frequency,
the soil conductivity dominates the attenuation function [6, 21]. Therefore, contrary
to the general belief, a smaller frequency is not always related to a smaller signal at-
tenuation [6, 28]. In general, the mentioned statement is true, but there are several
exceptions according to the frequency range under analysis. Consequently, even if all
the soil parameters values are promptly available, including the VWC, there is no di-
rect formula to calculate the value of the soil permittivity for an unrestricted range of
frequencies. Therefore, without the soil permittivity value, further estimation of the
signal attenuation in soil is not possible.
To mitigate the above problem, many distinct soil dielectric models were developed
for specic frequency bands [6, 13]. Naturally, these models are used by distinct ap-
plications which have dierent frequency requirements. With a constrained frequency
range, many assumptions and simplications are possible to be considered in these
models, signicantly reducing the complexity of the model without sacricing accu-
racy. Accordingly, during the analysis of the dielectric model to be used by SSWC, the
rst aspect to be evaluated is the frequency range to be used in WUSNs.
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Frequency values around 1GHz are usually associated with smaller soil permittiv-
ity values, compatible with the wireless communication and microwave remote sensing
applications [2, 18, 28]. Furthermore, frequencies below 300MHz can also result in
smaller attenuation rates. However, when the frequency decreases, the wavelength of
the signal increases and the antennas also increase in size. Hence, the use of frequency
smaller than 300MHz is typically not practical for WUSN scenarios. Based on these
facts, in the SSWC model is adopted a balanced approach between accuracy and prac-
tical factors in WUSNs. Accordingly, the semi-empirical soil dielectric model in [28],
which is constrained to the 300  1300MHz frequency range [28], is selected as the soil
dielectric model for the SSWC.
The input parameters of the SSWC dielectric model are the operating frequency
and the soil parameters, such as texture, bulk density, and VWC. The outputs of
the dielectric model are the relative complex permittivity and conductivity of the soil,
which are required by the RW, DW, and LW models. With the support of this dielectric
model, it is possible to predict the value of the soil permittivity when, for instance,
rainfall or articial irrigation occurs. The permittivity value is essential for predicting
the resulted attenuation suered by the signal while propagating in soil. As observed
in this example, besides the use of the SSWC model for protocol design purposes, the
model can actually be embedded in cross-layer protocols for WUSNs to provide a way
to dynamically adapt the behavior of these protocols to environmental parameters.
Using the Peplinski's dielectric model [28], the dielectric properties of soil can be
calculated as follows:
 = 0   j00;
0 = 1:15[1 +
b
s
(
0
s   1) +m
0
v 
00
fw  mv]1=
0   0:68;
00 = [m
00
v 
000
fw ]
1=0 ; (5.1)
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where  is the relative complex permittivity of the soil-water mixture, mv is the VWC
of the mixture, b is the bulk density in grams per cubic centimeter, s = 2:66g=cm
3
is the specic density of the solid soil particles, 0 = 0:65 is an empirically determined
constant, and 0 and 00 are also empirically determined constants, dependent on soil-
type and given by:
0 = 1:2748  0:519S   0:152C;
00 = 1:33797  0:603S   0:166C; (5.2)
where S and C represent the mass fractions of sand and clay, respectively. The quan-
tities 0fw and 
00
fw
are the real and imaginary parts of the relative permittivity of free
water [6, 28]. Note that the inuences of free water and bounded water are both consid-
ered in the above formula. The mass fractions of sand and clay considered in (5.2) and
also the volumetric water content mv are used to determine the amount of free water
and bounded water in the soil. This distinction is important because the amount of free
water causes a stronger attenuation eect for EM waves propagation when compared
with the eects of the bounded water.
The analysis of the above equations shows that the value of the soil permittivity
 is especially dependent on the following factors:
 Operating frequency, f , of the sensor nodes. For this specic 300   1300MHz
range, typically, a higher frequency is associated with a higher .
 Composition of soil in terms of sand and clay fractions, S and C. This factor
depends on the deployment region of the sensor nodes.
 Bulk density, b, indirectly expresses the amount of air in the soil. Again, this
factor depends on the deployment region of the sensor nodes.
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 Soil moisture or volumetric water content (VWC), mv. A higher VWC value is
associated with a higher . This factor depends on the deployment region as well
as time (e.g., occurrence of rainfall or articial irrigation).
5.3 Direct Wave (DW) Model
The direct wave (DW) propagation mode is the basic form of propagation of EM
waves through soil. The DW model starts with the well known Friis equation for the
over-the-air (ota) attenuation. Assuming that the antennas are oriented in the direction
of the maximum power transfer, the following Friis transmission formula [47] can be
applied. The over-the-air path loss, PLota, is the relation between the received signal
strength (RSS) and the transmit power level:
PLota =
Pr
Pt
= GtGr
 
0
4da
!2
; (5.3)
where Pr is the RSS at the receiver, Pt is the transmit power level, Gt and Gr are the
gains of the transmitting and receiving antennas, 0 is the wavelength of the signal
in free space, and da is the actual inter-node distance between the transmitter and
receiver (0 and da have the same unit).
For the underground settings, the equation (5.3), which represents the attenuation
for the signal propagating in free space for a distance da, must be modied. First, 0
must be converted to the wavelength of the signal in the soil, soil. Also, a soil path loss
factor, Lsoil ( 1), must be added to the original attenuation equation (5.3). Therefore,
the soil path loss, PLsoil, is given by:
Pr
Pt
= GtGr
 
s
4da
!2
Ls; (5.4)
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(5.4) expresses exactly the attenuation suered by the direct wave (DW). There-
fore, the total attenuation for DW, LDW , in dB, is given by:
LDW = Gt +Gr   Ls + 10log
 
s
4da
!2
;
= Gt +Gr   Ls + 20logs   22  20logda; (5.5)
where LDW is the total attenuation in dB suered by the direct wave (DW). s and da
are in centimeters and the value of s is given by:
s[cm] = 100
2
 ; (5.6)
where  is the phase constant, in rad/m.
In (5.5), the Ls is the dominant attenuation factor and correctly reects how lossy
is the soil medium. Ls is given by [47]:
Ls =
8:68
100 da; (5.7)
where  is the attenuation constant in Np/m and da is the inter-node distance in
centimeters.
The attenuation constant, , and the phase constant  are part of the complex
propagation constant of EM waves in lossy medium, which is given as  =  + j
[47]. Therefore, the actual values of the attenuation constant  and the phase constant
 are expressed in terms of the real and imaginary parts of the complex relative soil
permittivity  [47]:
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Figure 5.2: Direct wave (DW) attenuation model. Eects of the inter-node distance
(dh) on the RSS for dierent frequencies (+10dBm transmit power level).
 = !
vuuut0
2
24
vuut1 + 000
!2
  1
35;
 = !
vuuut0
2
24
vuut1 + 000
!2
+ 1
35 ; (5.8)
where ! = 2f is the angular frequency,  is the magnetic permeability constant
(410 7H/m), and 0 and 00 are the real and imaginary parts of the soil permittivity,
as given in (5.1), respectively. It is assumed that soil is non-magnetic, which is usually
the case.
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Next, 5.5 is evaluated with simulations to investigate the eects of the inter-node
distance on the signal strength of DW. Accordingly, the parameters of the simula-
tion as congured as follows. The burial depth of the sender and the receiver is xed
(dsbg=d
r
bg=40cm), and the inter-node distance is varied from 0:1 to 5m using dierent
frequencies. A +10dBm transmit power level is adopted in conjunction with a parallel
polarization for the antennas, e.g., monopole antennas in vertical orientation. The re-
maining parameters, including VWC, are exactly the same of the testbed site described
in Section 4. If not stated, these parameters and the 433MHz frequency are the default
input parameters for all model simulations in this document. The simulation results are
shown in Fig. 5.2. Observe that the antenna problem is not included in these results.
More specically, usually the DW attenuation will be higher or smaller considering the
merit factor of the antenna when sender and receiver are at the same burial depth. A
deeper analysis of these results will be provided in Section 5.8.
The total attenuation suered by the EM waves which travel directly to the receiver
(DW) is given by (5.5). Besides the natural dependence on the inter-node distance da,
the DW attenuation model is clearly dependent on the value of the soil permittivity
. The real and imaginary parts of  are provided by the dielectric soil properties
model in (5.1), as discussed in Section 5.2. For higher depths, e.g. > 1m, only the
DW component is usually considered because RW and LW are strongly attenuated.
Therefore, for such scenarios, the SSWC model is basically the application of the rst
2 models. For instance, if the transmit power level is +10dBm, dbg=100cm, and the
estimated value of the LDW provided by the model is 90dB, it means that the expected
RSS at the receiver is  80dBm. However, for shallower depths, the RW and LW
components must also be evaluated. Accordingly, the next sections are necessary in
the model.
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5.4 Reected Wave (RW) Model
The RWmodel is an extension of the DWmodel with three modications. First, as
illustrated in Fig. 5.1, the soil path length must change from da to dRU +dRD. Second,
an additional attenuation factor due to the reection loss at the soil-air boundary is
considered. Finally, the RW model provides an additional output, the shifting angle 
caused by the reection of the signal at the soil surface. The angle  is not actually
used by the RW model considered in this section and must not be confused with I
or c. However,  will be considered in the last step of the SSWC model, the signal
superposition process described in Section 5.6.
The total attenuation, in dB, suered by the reected wave (RW), LRW , is given
by:
LRW = Gt +Gr   Ls0 + 10log
 
s
4da
!2
  Lr;
= Gt +Gr   L0s + 20logs   22  20logda   Lr; (5.9)
where LRW is the total attenuation in dB suered by the reected wave (RW), L
0
s is
the soil path loss factor, and Lr is the attenuation due to the reection.
In (5.9), L0s is not the same in (5.7) because a new path using dRU and dRD must
be considered in the RW case:
L0s =
8:68
100 (dRU + dRD); (5.10)
where  is the attenuation constant in Np/m. dRU and dRD are the distances, in cm,
between the sender and receiver to the reection point at the soil surface, respectively.
In (5.9), Lr is calculated based on the complex Fresnel reection coecient,   =
Aej, and depends on the polarization of the antenna (perpendicular or parallel), and
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is given as follows [47]:
Lr =  20logA;
Aej =  ;
 ? =
air cos I   soil cos T
air cos I + soil cos T
;
=
q
air
air
cos I  
q
soil
soil
cos Tq
air
air
cos I +
q
soil
soil
cos T
;
 k =
air cos T   soil cos I
air cos T + soil cos I
;
=
q
air
air
cos T  
q
soil
soil
cos Iq
air
air
cos T +
q
soil
soil
cos I
; (5.11)
where Lr is the attenuation in dB due to the reection, Ae
j is the phasor representa-
tion of the complex reection coecient  , A is the magnitude of  ,  is the shifting
phase of  ,  ? and  k are the equations of   for the perpendicular and parallel polar-
ization cases, respectively. I and T are the incident and transmission (or refraction)
angles, respectively. air, soil, air, soil, air, and soil are the intrinsic impedance,
relative permeability, and relative permittivity of air and soil, respectively.
For non-magnetic soil, the values of the angles I and T are given by:
I = arctan
 
dh
dsbg+d
r
bg
!
; T = arcsin
 
p
soilp
air
sin I
!
; (5.12)
where dh is the horizontal inter-node distance, d
s
bg is the burial depth of the sender,
and drbg is the burial depth of the receiver, as shown in Fig. 5.1.
The total attenuation suered by the EM waves (RW) which are reected by the
soil surface before reaching the receiver is given by (5.9). The model is highly dependent
on the physical distances between the nodes and in relation to the soil surface. Again,
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Figure 5.3: Reected wave (RW) attenuation model. Eects of the inter-node distance
(dh) on the RSS for dierent frequencies (+10dBm transmit power level).
this attenuation model is dependent on the value of the soil permittivity  provided in
(5.1).
Next, the eects of the inter-node distance on the signal strength of RW are
investigated. Accordingly, the burial depth of the sender and the receiver is xed
(dsbg=d
r
bg=40cm), and the inter-node distance is varied from 0:1 to 5m using dierent
frequencies. The simulation results are shown in Fig. 5.3. A quick comparison with
the results in Fig. 5.2 reveals a higher attenuation of RW compared to DW. This is
expected since the soil path is higher for RW. Also, an additional attenuation which
occurs when the wave is reected is considered. Moreover, for this scenario, there is an
inter-node distance where the attenuation is smaller due to the smallest value for  .
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As previously mentioned, the antenna problem is not included in these results.
In other words, it is possible to have antennas with particular radiation patterns and
better directivity for RW than DW. Again, a deeper analysis of these results will be
provided in Section 5.8.
5.5 Lateral Wave (LW) Model
The lateral waves are waves that reached the soil surface with a critical angle C .
Instead of being reected or refracted, these waves travel along the surface continuously
diusing downward and eventually these waves reach the receiver, as illustrated in Fig.
5.1. The main advantage of such type of transmission is the fact that the soil attenua-
tion is restricted to the sum of the depths of sender and receiver. For shallower depths,
this up-over-and-down transmission can signicantly increase the communication range
for the same transmit power level [19, 21, 48].
The radial component of the electric eld, E, is the one with the best range
of distances and it is usually the one used for communication purposes. This is the
reason why the recommended orientation for buried dipoles is the horizontal, that is,
the dipole antennas parallel to the soil surface [19, 21, 48]. This assumption of the
SSWC model signicantly reduces the complexity of the LW model because the three
remaining dipoles, i.e., magnetic vertical, magnetic horizontal, and electric vertical, are
not included in the SSWC model.
The radial component of the electric eld, Edh , due to a unit electric moment, for
an inter-node distance dh and d
s
bg=d
s
bg=dbg, is given by [21]:
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Edh =  
!0
4k21
cos
 Z 1
0
fk21J0(dh)  (2=2)[J0(dh)
 J2(dh)]g 11  d+
Z 1
0
(
1(k
2
12   k221)
2(k212 + k
2
21)
[J0(dh)  J2(dh)]
  k
2
1(2   1)
21(2 + 1)
[J0(dh) + J2(dh)]
)
ei2dbg d
!
; (5.13)
where dh is the radial or horizontal inter-node distance, dbg is the burial depth of sender
and receiver, ! is the angular frequency,  is radial cylindrical coordinate of the electric
eld, 0 is the permeability of free space, and k1 and k2 are the complex wave numbers
for regions 1 (soil) and 2 (air), respectively. , which is the radial transform variable
(not the wavelength), Jn are integral representations of the Bessel functions, and 1
and 2 are given by [21]:
1 =
p
(k21   2); 2 =
p
(k22   2): (5.14)
The closed form solution to (5.13) has not been found yet [21, 48]. Therefore, a
practical approach is to analyze (5.13) numerically. In [48], numerical techniques are
developed to evaluate the electromagnetic eld components of the 4 types of dipoles:
magnetic or electric, horizontal or vertical. A similar approach is found in [21], where
tables for dierent values of horizontal inter-node distances, conductivity , permittiv-
ity , and frequencies are provided for horizontal electric dipole. The values in these
tables express the total signal attenuation (in dB) of the lateral wave. The expression
(5.13) used in the LW attenuation model is based on the numerical evaluation in [21]
and applying the value of the conductivity  given by:
 = 000!; (5.15)
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Figure 5.4: Lateral wave (LW) attenuation model. Eects of the inter-node distance
(dh) on the RSS for dierent frequencies (+10dBm transmit power level).
where  is the conductivity of soil in S/m, 00 is the imaginary part of the relative
permittivity of soil, given by (5.1), 0=8:85  10 12 F/m is the permittivity of free
space, and !=2f is the angular frequency with f in Hz.
The total attenuation, in dB, suered by the lateral wave (LW), LLW , is given by:
LLW = Gt +Gr   Ls00   E0dh ; (5.16)
where LLW is the total attenuation in dB suered by the lateral wave (LW) in dB,
E0dh is the normalized value of Edh , the attenuation suered by the radial component
of the electric eld of the lateral wave, given by (5.13). Ls00 is the correction value of
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soil path loss for the case where dsbg is dierent from d
r
bg. In this case, dbg in (5.13) is
the smallest value between dsbg and d
r
bg and Ls00 is given by (5.7), substituting da by
the absolute dierence between dsbg and d
r
bg.
Next, the eects of the inter-node distance on the signal strength of LW are
investigated. Accordingly, the burial depth of the sender and the receiver is xed
(dsbg=d
r
bg=40cm), and the inter-node distance is varied from 0:1 to 5m using dierent
frequencies. The simulation results are shown in Fig. 5.4. A quick comparison with
the results in Figs. 5.2 and 5.3 reveals the better performance of LW for longer com-
munication ranges. This is expected since the propagation path is mainly formed by
the over-the-air part for high inter-node distances. Again, as previously mentioned,
the antenna problem is not included in these results. Therefore, an antenna with poor
performance for the up direction can strongly minimize the advantages of the LW prop-
agation. Also, the soil surface is assumed to be free of obstacles. A deeper analysis of
these results and the practical use of LWs for 10m or higher UG2UG communication
ranges will be discussed in Section 5.8 and Chapter 6, respectively.
One important aspect of the lateral wave, which also explains its better perfor-
mance for underground communication, is the fact that a LW is generated by \a bundle
of rays or a beam of bounded extent at an angle  close to c, [7]" the critical angle
for internal reection. Therefore, what is represented by a line for the LW path in Fig.
5.1 is actually a non-negligible region. Therefore, if a very ecient directional antenna
is used targeting the region close to c, an additional signicant gain is achieved and
can be represented as Gt and Gr at the equation (5.16).
Assuming air = soil, the critical angle, c, is given by [47]:
c = arcsin
 p
air
soil
!
; (5.17)
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Figure 5.5: The critical angle c depends on the soil permittivity which is strongly
aected by the volumetric water content (VWC).
For instance, for the parameters of the testbed discussed in Section 4, the value of
c is 15
o and 19:4o, for the dry (VWC=14:6%) and wet soil (VWC=23:9%), respec-
tively. Additional simulation results for dierent values of VWC and the default testbed
parameters are shown in Fig. 5.5. The value of c does not depend on the deploy-
ment parameters. However, it strongly depends on the soil parameters, specially the
VWC which is constantly changing in an outdoor environment. These results present
an additional reason why the antenna problem is so dicult to be modeled. Dierent
variations of a dipole antenna can have dierent radiation patterns which aect the
directivity in relation to the region nearby c.
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5.6 Signal superposition
In this section, the process of the superposition of the signals DW, RW, and LW
that eventually reach the receiver is investigated. The superposition of these signals
is not a trivial algebraic sum of signals for three important reasons. First, the sum
must be realized in dB. Second, the dierences between the lengths of the each signal
propagation path, DW, RW, and LW, can cause signicant phase shifting among these
signals. Therefore, positive or negative contributions in the signal superposition can
occur depending on the value of this phase shift between two or more signals. Finally,
to provide a certain degree of support for dierent types of antennas, distinct antenna
factors must be applied to each signal, thus representing distinct weight factors for each
signal in the superposition process.
Although a generic antenna gain factor is also available as an input of the model,
the outdoor experiments [33, 35, 36] reveal that this parameter alone is not sucient.
Usually, the employed antennas do not have the same performance compared to ideal
dipoles with isotropic radiation pattern, similar to what occurs with the antennas used
in the experiments in Chapter 3. Therefore, some level of directivity of the antenna will
eventually increase the signal strength of one of the signals (DW, RW, LW) in detriment
of the others. To reduce the impact of this problem, antenna factors are introduced in
the SSWC model, which is a novel approach in the research area of WSNs, including
WUSNs. The usual approach is to consider antenna gains in conjunction with an initial
signal decay (Chapter 3.3). With the signal superposition, such naive approach may
cause distortions in the model.
To exemplify how critical is the use of a generic antenna factor, a global gain (or at-
tenuation) factor, instead of a distinct antenna factor for each type of signal (DW, RW,
LW), a real case is discussed. In the experiments in [19, 48], a terminated travelling-
wave antenna is adopted. This antenna has a strong directivity in the direction of the
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Figure 5.6: Signal superposition model.
soil surface, just above the sensor node, thus targeting the c angle. For this antenna
scenario, DW is practically eliminated and RW is also strongly attenuated. Therefore,
the LW dominates the signal superposition and DW and RW may be neglected. To
represent this scenario in the SSWC model, individual antenna factors are required in
order to produce the correct attenuation and BER estimations.
When an antenna presents a radiation pattern closer to an ideal isotropic antenna,
all these antenna factors are essentially the same, recapitulating the original concept
of generic antenna gain which is represented as Gt and Gr in (5.5), (5.9), and (5.16).
However, for all remaining scenarios, individual antenna factors are desirable and Gt
and Gr values in the mentioned equations can be properly set to 0.
As illustrated in Fig. 5.6, the superposition model produces two output esti-
mations, the total attenuation in dB and the BER, based on 11 input parameters,
explained as follows:
1. LDW . Expected signal strength, in dBm, of the direct wave. This value is
provided by the DW model using the equation (5.5) and the transmit power
level of the sender node.
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2. LRW . Expected signal strength, in dBm, of the direct wave. This value is
provided by the RW model using the equation (5.9) and the transmit power level
of the sender node.
3. LLW . Expected signal strength, in dBm, of the lateral wave. This value is
provided by the LW model using the equation (5.16) and the transmit power
level of the sender node.
4. a. Antenna factor for the direct wave, in dB. This value is empirically or ana-
lytically evaluated when a non-isotropic antenna is used.
5. a. Antenna factor for the reected direct wave, in dB.
6. a. Antenna factor for the lateral wave, in dB.
7. p. Phase of the complex reection coecient,  , given by (5.11).
8.  . Phase shifting set of parameters used to realize the superposition of the signals
considering positive and negative contributions due to the phase shifting. These
parameters are the following: s (5.6), dh, d
s
bg, d
r
bg, da, dRU , and dRD (Fig. 5.1).
9. Modulation Technique. This parameter, e.g. ASK, FSL, PSK, 2PSK, is used by
the error function, erfc( ), to estimate the BER.
10. TXpwr. The transmit power level, in dBm, is also used by the error function,
erfc( ), to estimate the BER.
11. Pn. The energy of noise, in dBm, is empirically determined and is also used by
the error function, erfc( ), to estimate the BER.
The superposition process rst discover which is the stronger signal among DW,
RW, and LW. The two weaker signals are combined and, then, the result is combined
with the original stronger signal. Let TXpwr denote the transmit power level and PA the
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signal strength, in dBm, of the superposition related to the weaker signals. Similarly,
PB denotes the signal strength, in dBm, related to the superposition of PA and the
stronger signal. PA and PB are given by:
 = cos
"
 + 2air dh +
2
soil
(dsbg + d
r
bg   da)
#
;
 = cos
"
  + 2soil (dRU + dRD   da)
#
;
PDW = TXpwr   a   LDW ;
PRW = TXpwr   a   LRW ;
PLW = TXpwr   a   LLW ;
Pmax = max(PDW ; PRW ; PLW );
Pmin1 = min1(PDW ; PRW ; PLW );
Pmin2 = min2(PDW ; PRW ; PLW );
PA = 20log
 
10
Pmin1
20 +10
Pmin2
20
!
;
PB = 20log
 
10
Pmax
20 +10
PA
20
!
; (5.18)
where a, a, a are empirically or analytically determined parameters for the DW, RW,
and LW antenna factors, respectively.  is a placeholder variable which can assume
one these three values: (a) 1, if the related signal if DW or the calculated PA, (b)  if
the related signal is LW, and (c)  if the related signal is RW.
Finally, the total attenuation, Ltotal, in dB, estimated by the SSWC model is given
by:
Ltotal = TXpwr   PB: (5.19)
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The numerically evaluation of (5.18) shows that when one of the signals is higher
than almost 10dB in relation to the others, the strongest signal dominates the super-
position. In practice, any of these signals, DW, RW, and LW, can dominate the signal
superposition depending on deployment and environmental factors. For instance, when
high depths are employed (dbg > 1m), the RW and LW are strongly attenuated and
DW dominates. On the other hand, for shallower depths, LW can easily dominate the
superposition. In fact, for longer communication ranges, DW and LW are strongly at-
tenuated and LW always dominates, provided that obstacles at the soil surface do not
refract the lateral wave. The prevalence of RW is unique non usual scenario and this
scenario will only occur if the radiation pattern and/or obstacles in soil signicantly
attenuate LW in relation to RW.
Besides, the total attenuation Ltotal given in (5.19), the SSWCmodel also estimates
the bit error rate (BER). The BER of a digital communication system depends on 3
factors [43]:(a) the signal attenuation estimated by the channel model, (b) the digital
modulation technique, and (c) the signal to noise ratio (SNR). Assuming 2PSK as a
reasonable representative for the modulation in the presented scenario where Mica2
motes are employed in this work [2], the BER is given by [43]:
SNR = TXpwr   Ltotal   Pn;
BER = 12erfc(
p
SNR); (5.20)
where TXpwr is the transmit power level, in dBm, Ltotal is the total estimated attenua-
tion given by (5.19), in dB, Pn is the energy of noise, and erfc( ) is the error function.
Pn is usually empirically determined. For instance, in [22], the measured noise strength
at 30cm-depth is -103 dBm.
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5.7 Model Validation
In this section, the empirical results shown in Section 4 are compared with the
predictions from the SSWC to validate the model. The deployment and environmental
parameters used in the simulations in this section are exactly the same provided in
Section 4, related to the UG2UG testbed site. The determination of the so-called
initial decay [30] and its relation with the model parameters Gt, Gr, a, a, a, p are
discussed in Section 5.7.1. In Section 5.7.2, the validation of the SSWC channel model
is realized by the comparison between empirical and simulated results, followed by a
discussion.
5.7.1 Initial Decay and Antenna Factors
As explained in Section 3.3, the use of sensor nodes as RF measurements tools
deserves special attention in order to preserve the accuracy of the results. Therefore, in
this section, the guidelines provided in Section 3.3 are applied and discussed. Moreover,
the determination of the antenna factors Gt, Gr, a, a, a, p, parameters of the
SSWC model, is discussed in detail. First, these empirical determined values capture
the antenna problem and are necessary for the accuracy of the model's prediction.
Alternatively, one may also develop a theoretical model for each antenna scheme to be
eventually employed in WUSNs, which is a topic of discussion in Chapter 6.
To this end, two sets of additional and independent experiments are realized in
dierent sites. The outdoor underground experiments with 433MHz Mica2 [54] sen-
sor nodes are carried out in South Central Agricultural Laboratory (SCAL) of the
University of Nebraska-Lincoln, located at Clay Center, NE. The outdoor over-the-air
experiments for determination of the initial decay of the sensor nodes are carried out
in Schorr Center, at the City Campus of the University of Nebraska-Lincoln, located
at Lincoln, NE.
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Following the guidelines in Section 3.3, the initial decay for over-the-air experi-
ments with Mica2 motes at 433MHz is found to be 42dB for d0=10m and +10dBm
of transmit power level. This value is not directly plugged in the model, however, it
provides a lower bound for the sum of Gt, Gr, a, a, a, p. Considering the fact
that the initial decay reects the overall loss caused the RF circuitry, transmission line,
and antenna directivity (positive or negative contribution), it is expected that part of
initial decay be a common factor to all waves, DW, RW, and LW. Therefore, for an
ideal isotropic antenna, a practical and valid approach is to plug the value of the initial
decay as the sum Gt +Gr in the equations (5.5), (5.9), and (5.16), with all the values
a, a, and a set to 0. For a real scenario, however, the mentioned procedure is just
the rst step for determining the real values for a, a, and a.
The second and third steps for determining the antenna factors involve under-
ground experiments. The second step is the realization of experiments in a scenario
where only DW dominates. The third step is the realization of experiments where
the superposition of DW, RW, and LW occurs. An additional step, not employed in
this work, is the realization of experiments where only LW dominates. This is the
case when higher power transceivers, or directional antennas, or a combination of both
are employed. An example of this scenario, with the use of eccentrically insulated
traveling-waves antennas, is found in [19, 48].
The experiments for the second and third steps are realized using high and low
depths, respectively. To this end, an experiment is realized where the burial depth of
the sender is xed at 80cm and the depth of the receiver is varied. In Fig. 5.7, the RSS
is shown as a function of the burial depth of the receiver (drbg), which varies from 40
to 130cm. Also, the actual inter-node distance, da is represented between parentheses.
The following parameters are used: horizontal inter-node distance dh=80cm, the trans-
mit power level TXpwr= 3dBm, fraction of sand S=16%, fraction of clay C=38%,
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Figure 5.7: Determining the initial decay for the underground setting.
volumetric water content VWC=14:16%, and the remaining parameters are the default
values for the experiments in this work. The distances and transmit power level are
carefully selected to dene a scenario where DW dominates, that is, the soil surface ef-
fects are negligible. Observe that the model is adjusted to have a perfect match for the
burial depth where both sender and receiver are at the same level (dbg=80cm). A value
of a=35:5dB is found to be the one necessary to achievehave the mentioned match-
ing. This value is relatively close to the over-the-air initial decay of 42dB, previously
determined.
The next step is to indirectly obtain information about the antenna directivity
which can favor or not the RW and LW. As shown in Fig. 5.7, for distances da higher
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than 40cm the RSS decreases. However, a signicant asymmetry is observed for the
same da values and dierent depths of the receiver. For instance, comparing the RSS
values for drbg=100 and d
r
bg=60, a dierence of 10dB is observed, although the da is
the same (44cm). The results suggest a signicant deformation of the typical radiation
pattern of the default antenna of Mica2 when the mote is buried. Accordingly, another
experiment is necessary at shallower depth (third step) to determine the values of the
antenna factor for RW and LW, a and a, respectively.
The next experiment, representing the third step of this procedure, is realized using
40cm-depth for sender and receiver and varying the horizontal inter-node distance dh.
The transmit power level TXpwr=+10dBm and VWC=9:1% are the only dierent
parameters in relation to the last experiment. In Fig. 5.8, the RSS is shown as a
function of the horizontal inter-node distance (dh), which varies from 10 to 80cm. The
values of a and a are adjusted to reach the best possible matching for this new
experiment scenario, which is represented in Fig. 5.8. The values of a and a are
found to be 17 and 16 dB, respectively. This assignment of values suggests that DW,
for this specic antenna scheme, has a worse performance than RW and LW due to the
improved directivity to the up and down direction. A theoretical explanation to this
observation is provided in Chapter 6.
After the empirical determination of the antenna factors realized in this section,
all the necessary parameters to validate the SSWC channel model are available. The
validation of the model is realized in the next section.
5.7.2 Comparison of Empirical Results and the SSWC Model
Simulations based on the SSWC model are realized with the parameters of the
experiment site mentioned in Section 4. The results are compared with the empirical
results and a fair matching is observed related to the eects of the inter-node distance
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Figure 5.8: Empirical data used to determine the antenna factors (dierent outdoor
site).
and soil moisture (VWC) on the UG2UG communication performance. However, a
complete validation of the model is only possible when the LW-dominant scenarios
for long-range ranges are empirically exploited. This experimental work is part of the
future work discussed in Chapter 7.
In Fig. 5.9, the RSS is shown as a function of the horizontal inter-node distance
dh which varies from 10 to 90cm. Empirical and model results are compared. The
burial depth both sender and receiver is dbg=40cm, TXpwr=0dBm, and VWC=14:1%.
As shown in Fig. 5.9, there is a good matching from 10 to 40cm and a fair matching in
the remaining distances. At the time when the experiments were realized, we did not
know about the existence of lateral waves. Therefore, one possible reason to explain the
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Figure 5.9: Eects of the inter-node distance. Comparison between empirical and
simulated results.
mismatch around dh=70cm, with a dierence of 19dB, is the fact that the experiments
were realized without a special attention to the existence of obstacles in the air path
between the holes where the nodes were located. The constant use of bags containing
soil above the holes, as discussed in Chapter 3, can signicantly minimize the LW. A
second possible cause for the mentioned mismatch is the error due to the inclusion
of the antenna factors. However, the overall behavior of the empirical and simulated
curves are in good agreement.
An additional comparison is realized to verify the accuracy of the model in relation
to the eects of the VWC. In Fig. 5.10, the RSS is shown as a function of the transmit
power level for two values of VWC: dry (14:6%) and wet (23:9%) soil. The burial depth
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Figure 5.10: Eects of the volumetric water content (VWC). Comparison between
empirical and simulated results.
is xed dsbg=d
s
bg=40cm and also the horizontal inter-node distance dh=40cm. Empirical
and model results are compared and present a good matching, validating the model for
this aspect. However, as previously stated, the complete validation of the SSWC model
depends on the realization of experiments for long communication ranges using high
power transceivers, special antennas to enhance the LW propagation performance, or
a combination of both.
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Table 5.1: Parameters used in the model evaluation.
Symbol Description Value
b Bulk density 1:33 g/cm
3
s Particle density 2:66 g/cm
3
s Particle density 2:66 g/cm
3
S Sand fraction 35%
C Clay fraction 30%
- Silt fraction 35%
mv Volumetric water content (VWC) 14:6%
f Operating frequency 433MHz
- Antenna polarization Parallel
dbg Burial depth 40cm
- Modulation scheme 2PSK
a DW antenna factor 35:5dB
a RW antenna factor 17:0dB
a LW antenna factor 16:0dB
Gt Antenna gain (sender) 0dB
Gr Antenna gain (receiver) 0dB
TXpwr Transmit power level +10dBm
Pn Energy of noise -103dBm
5.8 Analytical Results
In this section, the results from the simulations based on the SSWC channel model
are presented and discussed. If not specically informed in the simulation, the param-
eters for the simulations correspond to the parameters of the testbed for the empirical
experiments reported in Section 4. Some of these parameters and additional ones par-
ticularly used in the model are listed in Table 5.1.
In Fig. 5.11, the RSS is shown as a function of the inter-node distance where each
line corresponds to one signal: DW, RW, LW, and the nal combined signal. It is
observed that the superposition among signals occurs up to dh=1:5m. After this inter-
node distance, the DW and RW signals quickly decreases in relation to LW. Therefore,
from that point, LW becomes the dominant signal and the combined signal is essentially
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Figure 5.11: Contributions of DW, RW, and LW for the nal RSS for dierent horizontal
inter-node distances.
LW. This results indicate that the contribution to DW and RW are limited to small
communication ranges. Naturally, for dierent parameters, such as the TXpwr, VWC
and depth, this range can be extended.
The eects of the horizontal inter-node distance and the burial depth on the RSS
and BER are evaluated with simulations based on the SSWC model and the results
are shown in Figs. 5.12 and 5.13. In Fig. 5.12, the RSS is shown as a function of dh
and the dbg. For all burial depths, the RSS decreases when dh increases. The irregular
portions of the curves correspond exactly to the inter-node distances of up to 1:5m,
as previously highlighted. From that point, the behavior of the curves are strongly
monotonic. Another important aspect observed in Fig. 5.12 is the strong eect of the
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Figure 5.12: Eects of the horizontal inter-node distance and burial depth on the RSS.
burial depth on the RSS. A higher burial depth is always associated with a signicant
increase in the signal attenuation. For instance, for dh=2m, the dierence on the RSS
between the cases where the depths are 10 and 50cm is 37dB. This result highlights the
importance of employing the smallest possible burial depth, subject to the restrictions
of the WUSN application.
In Fig. 5.13, the BER is shown as a function of dh and the dbg. The overall
results clearly suggest that the BER operational limit for WUSNs is far from 10 3 or
10 4 error rates. In practice, error rates from 10 2 to 10 1 are expected to be usual
for underground links. As already reported in [33], the problem is not related to the
channel noise, but to the constant existence of very attenuated signals. Considering
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Figure 5.13: Eects of the inter-node distance and burial depth on the BER.
that WUSN applications usually demand small quantity of data and also are very
infrequent, such impact of this elevated error rate in WUSNs is mitigated. As shown
in Fig. 5.13, in order to achieve a BER <10% for an inter-node distance of 10m, burial
depths of 20cm and smaller must be employed.
The eects of the horizontal inter-node distance and the VWC on the RSS and
BER are evaluated with simulations based on the SSWC model and the results are
shown in Figs. 5.14 and 5.15. In Fig. 5.14, the RSS is shown as a function of dh
and the VWC. For all VWC values, the RSS decreases when dh increases. The small
number of exceptions occur in the irregular portions of the curves due to the intense
superposition of signals. Another important aspect observed in Fig. 5.14 is the strong
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Figure 5.14: Eects of the inter-node distance and VWC on the RSS.
eect of the VWC on the RSS. A soil with higher VWC is generally associated with a
signicant increase on the signal attenuation. For instance, for dh=2:5m, the dierence
in the RSS between a 5%-VWC (very dry soil) and a 40%-VWC (saturated soil) is
22dB. This result highlights the importance of having protocols in WUSNs which are
environment-aware. In this way, the communication can be automatically avoided when
the VWC reaches a prohibitive value. Alternatively, higher transmit power levels can
be automatically congured to face the temporal issue related to the VWC increase
[33].
In Fig. 5.15, the BER is shown as a function of dh and VWC. As already high-
lighted, the overall results suggest that the usual BER for WUSNs is around 10 2 to
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Figure 5.15: Eects of the inter-node distance and burial depth on the BER.
10 1. As shown in Fig. 5.15, for this specic scenario, in order to achieve a BER < 10%
the inter-node distances must be 1m or 9m, for 40%-VWC and 5%-VWC, respectively.
This signicant range reduction of almost one order clearly conrms how the VWC
impacts the underground communication.
The eects of the horizontal inter-node distance and the frequency on the RSS
are evaluated with simulations based on the SSWC model and the results are shown in
Fig. 5.16. In Fig. 5.16, the RSS is shown as a function of dh and the frequency. For all
frequencies, the RSS decreases when dh increases. The irregular portions of the curves
occur for inter-node distances of up to 1:5m. Another important aspect observed in
Fig. 5.12 is the impact of the frequency on the RSS. Although this impact is not so
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Figure 5.16: Eects of the inter-node distance and frequency on the RSS.
high compared to the burial depth or the VWC, the reduction of the frequency can still
represent a way to decrease the attenuation. For instance, for dh=2m, the dierence
on the RSS between the cases where the frequencies are 300 and 1300MHz is 16dB,
not a negligible value. This result highlights the importance of employing the small-
est possible frequency in the 300-1300MHz range, constrained only by communication
regulations and practical sizes of antennas.
The eects of the VWC and the soil composition, especially related to the fraction
of clay particles, are evaluated with simulations based on the SSWC model and the
results are shown in Fig. 5.17. In this simulation, the fractions of sand and silt
are exactly the same. In Fig. 5.17, the RSS is shown as a function of fraction of clay
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Figure 5.17: Eects of the soil composition and VWC on the RSS.
present in the soil for dierent values of VWC. One can observe that for the same value
of VWC, its impact depends on the soil texture, as previously discussed in Section 5.2.
For instance, for the most critical case of 50%-VWC, the dierence in RSS between
the cases where the fractions of clay are 5% and 70% is 21dB. Therefore, a clayey soil
aggravates the VWC problem.
Chapter 6
Research Challenges in WUSNs
As observed from the empirical and analytical results, for the proliferation of
WUSNs, a signicant number of research challenges must be properly investigated.
Currently, there is a trend of the use of centralized networking solutions for WUSNs
basically in two types of architectures. The rst approach is the use of buried sensors
that communicate to an aboveground device with long-range distances [9, 46]. In this
kind of architecture, basically the UG2AG links are used. Some current commercial
solutions for sports eld irrigation use this approach [56]. A second kind of architecture
is also mainly based on the use of aboveground devices, but these devices may include
mobile aboveground nodes [36]. In [1], such approach is called Hybrid WUSNs because
over-the-air (ota) links are also used intensively in the overall solution. Besides the ota
links, UG2AG and AG2UG links are also intensively used. Therefore, it is clear that
the multi-hop networking involving UG2UG links has not been deeply investigated.
In this thesis, a comprehensive analysis of the underground-to-underground com-
munication is performed. Naturally, due to the complexity of the underground envi-
ronment, this work cannot address all the existing challenges. Nevertheless, the clear
identication of the challenges and possible solutions is an important contribution of
this work to this research area. To this end, the main identied research challenges are
properly discussed.
Antenna problem. The theoretical analysis of any radio communication system
is divided into two parts: the propagation problem and the antenna problem. The
SSWCmodel is a model for the propagation problem in the underground settings. If the
antenna is a dipole with an ideal isotropic radiation pattern, the use of generic antenna
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gains and initial decays may be sucient for the high accuracy of the model. However,
as discussed in Section 5.6, the introduction of distinct antenna factors for DW, RW,
and LW, is a valid and practical approach to mitigate the inaccuracy issues due to the
existence of non-ideal antennas. It is expected that the empirical investigation with
a signicant number of VWC values, burial depths, and transmit power levels, would
address the antenna problem more accurately.
The inclusion of the antenna problem in the underground channel model is not
a simple task to be realized. For instance, consider the complexity related to just
one of the components of the antenna problem: the radiation pattern of the antenna
and its implied directivity gain. In Figs. 6.1 and 6.2, the eects of the VWC on the
radiation pattern of the antenna are shown. First, the a variation of the VWC changes
the wavelength of the signal is soil. Because the buried antenna has a xed length
(17:3cm), the ratio between this length and the wavelength also varies, as shown in
Fig. 6.1. The presented values are related to the original antenna of Mica2 mote, a
1/4-wave monopole antenna operating at 433MHz. The values for the ratio antenna0s
length=wavelength considers the actual size of the Mica2 antenna multiplied by 2, e.g.
34:6cm, and divided by the wavelength of the signal in the medium, air or soil. The
mentioned multiplication by 2 is necessary because, for this scenario, a 1/4 monopole
antenna is basically a 1/2 dipole with half of the antenna represented by the ground
structure of the device. For comparison, the obvious 1=2 ratio for a half-wave dipole is
also shown. When the VWC increases, the wavelength decreases, causing the increase
of the ratio antenna0s length=wavelength, as shown in Fig. 6.1.
In Fig. 6.2, the elevation pattern of a vertically oriented linear dipole antenna is
shown as a function of its physical length measured in wavelengths units [47]. The
variation of ratio antenna0s length=wavelength shown in Fig. 6.1 are represented as
dierent radiation patterns shown in Fig. Fig. 6.2. When the VWC increases, the
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Figure 6.1: Eects of the VWC on the ratio between antenna's length and wavelength
of the signal.
ratio antenna0s length=wavelength also increases, causing non-monotonic behavior of
the radiation pattern.
As observed, the antenna problem must be addressed specically for each kind of
antenna and its orientation. However, not all antenna schemes are feasible or provide
advantages for underground communication. Therefore, the identication of the specic
set of antenna schemes which provide the best communication performance for UG2UG,
UG2AG, and AG2UG links must be deeply investigated in order to support a further
development of antenna models to be attached to the SSWC channel model. One
potential solution suggested by the results in [19, 21, 35, 36, 46, 48] is the use of an
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Figure 6.2: Eects of the VWC on the radiation pattern of an one-quarter wave
monopole.
ultra-wide band antenna for UG2AG and AG2UG links and a terminated travelling-
wave antenna for lateral wave propagation in UG2UG links. Extensive empirical studies
must be realized to investigate the feasibility of such solutions for dierent levels of
transmit power and depths.
Burial depth. The theoretical and empirical results show a strong relation
between burial depth and communication performance. Therefore, from all the archi-
tectural options, the depth is the parameter which can signicantly extend the com-
munication range without the use of high-power transceivers. The initial discussion
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Figure 6.3: A dierent approach WUSN not yet investigated.
related to this aspect in [33], highlights that many WUSN applications impose a design
constraint which cannot be violated. For instance, for a crop irrigation application,
it is expected to have the nodes below the topsoil region where plowing and similar
activities occur. However, other possibilities had not been investigated so far.
From the viewpoint of the SSWC model, the burial depth parameter is the distance
between the center of the antenna and the soil surface. In other words, the burial depths
of the sensor(s) and the radio/communication modules do not aect the model, only
the antenna's depth. Therefore, the challenge is to achieve a way to deploy antennas at
the topsoil that are resilient to mechanical activities at this region. One possibility, for
some applications, is the installation and removal of the nodes. Besides the costs of this
approach, the real main issue is the installation of the soil sensors, an activity that takes
time and requires calibration. However, in a scenario where the processor and sensor(s)
modules are permanently installed at the subsoil, it is still possible to easily install and
remove long-range communication modules buried very close to the soil surface, as
illustrated in Fig. 6.3. In this case, the sensors are permanently installed and the
only module that is removable is the long-range communication module, fortunately
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the module which consumes more energy. Naturally, this module would require 2
independent transceivers, one for short-range communication with the deeply installed
sensor node and other transceiver with the communication with aboveground devices
and other long-range modules. The best burial depth for this long-range module,
including dbg=0, must be also investigated.
Housing for the sensor nodes. Some WUSN applications do not require high
depths, but the concealment of the sensor nodes is the main issue. One possibility is the
use of plastic boxes where the processor/communication module and also the antenna
are installed. However, this practical way of the deployment was not properly inves-
tigated related to UG2UG communication. We realized preliminary experiments and
observed a completely dierent behavior on the communication performance. There-
fore, the stratied media scenario, e.g. air/soil/air, must be investigated for UG2UG
links in WUSNs.
Direct and reected waves. The results presented in this work highlight the
lateral waves as the feasible low-power solution for long-range UG2UG communication.
Based on this, the SSWC model could be simplied to the LW model. However, such
simplication is not desirable for many reasons. For instance, in Fig. 6.3, the short-
range communication mainly is mainly based on DW. Also, for the development of
UG2AG/AG2UG channel models, part of the SSWC model can be promptly used.
Finally, the use of directional antennas and high-power transceivers can increase the
inter-node distance where DW, RW, and also LW will be combined. In this scenario,
the complete SSWC can be used to model the communication performance.
Lateral waves. An intensive theoretical and empirical investigations related
to the lateral wave propagation for UG2UG links in WUSNs must be realized. The
results in this work is highly constrained by the low-power transceiver and antennas
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Figure 6.4: Lateral waves can potentially be applied in security applications for
WUSNs.
employed. To achieve long-range communication ranges, special antennas and high-
power transceivers may be employed. In this way, a complete validation of the SSWC
channel model will be possible.
One promising line of investigation is the use of terminated travelling-wave an-
tennas which were previously tested for the underground communication [19, 21, 48].
Therefore, these studies must be extended to typical WUSN scenarios, with dierent
set of deployment parameters. Finally, the power budgets related to the centralized
one-hop UG2AG/AG2UG and multi-hop LW/UG2UG approaches can be properly in-
vestigated providing extremely important guidelines for the development of WUSNs.
Another aspect to be investigated related to the use of lateral waves for UG2UG
links is the eect of obstacles, water, and snow on the soil surface. These aspects are
not covered in the this work and is also very important to complement the SSWC
model. Surprisingly, this investigation can be strategically used for nal application
purposed. For instance, for security applications, such as border patrol, the lateral
waves can be used to detect intruders. The detecting process in this case is based on
perturbations of the wireless channel, as illustrated in Fig. 6.4.
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UG2AG and AG2UG channel models. Despites the fact that the SSWC
channel is essential for WUSNs, it is only part of the overall communication model
for WUSNs. To this end, comprehensive channel models for the UG2AG and AG2UG
links must also be developed. As previously mentioned in Section 2.4, the current
related models present limitations for their applicability in generic WUSNs. An initial
empirical investigation is realized in [35, 36], however a deeper theoretical analysis is
not reported.
Besides the channel model for UG2AG and AG2UG links, the power budget of
such solutions must be properly investigated. With the promising application of the
lateral waves propagation to UG2UG links, comparison between the power budgets
of centralized one-hop UG2AG/AG2UG and multi-hop LW/UG2UG approaches are
expected. Naturally, the investigations of the options for UG2AG and AG2UG links
will also be oriented in function of the UG2UG achievements.
Chapter 7
Conclusions
The characteristics of the wireless channel for the underground-to-underground
communication in Wireless Underground Sensor Networks (WUSNs) are discussed
based on an extensive empirical study realized in a large agriculture eld. According
to the empirical results, the Soil Subsurface Wireless Communication (SSWC) channel
model is developed. The model has a comprehensive set of features and estimates the
total signal attenuation and bit error rate (BER) based on environmental parameters,
such as the soil texture and moisture, and on deployment aspects, such as the frequency
and the depth of the sensor nodes.
The SSWC channel model considers the potential contribution of three distinct
waves which propagate using dierent paths. The direct wave propagates directly to
the receiver. The reected wave reects at the soil surface before reaching the receiver.
Finally, the lateral wave follows a quasi-vertical path in the direction of the surface
(up), propagates over the air very close to the soil surface and returns to soil (down),
eventually reaching the receiver. The three waves have dierent characteristics and,
therefore, distinct models are developed for each wave. In addition to these models, the
SSWC also has the Dielectric Soil Properties model. This component estimates the soil
permittivity and conductivity based on the operating frequency and soil parameters.
These parameters are used by the three mentioned wave models to estimate the signal
attenuation for each kind of wave. Finally, the last component of the SSWC model,
the Signal Superposition model, estimates the overall contributions of the three waves
to compose the signal perceived by the receiver.
The empirical results are compared with the results from the model and a good
agreement is observed. Also, the main characteristics of the underground channel,
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previously conrmed with the experimental work, are also captured by the model.
The analytical results show that the soil moisture and the burial depth are the most
critical parameters. For instance, an additional 37dB of attenuation occurs when the
depth changes from 10 to 50cm. Such result conrms that low-power underground
communication is only feasible when the sensor nodes are buried in the soil subsurface
region, which is dened as the top few meters of the soil. More specically, for low-
power operation, the burial depth must be smaller than 50cm.
The soil moisture, measured by the volumetric water content (VWC), also has
a stronger impact on the communication performance. However, the degree of this
impact is also associated with the fraction of clay particles in soil. Comparing the
simulated results between a clayey soil with 40%-VWC (worst scenario) and a sandy
soil with 5%-VWC (best scenario), an additional 66dB of attenuation is observed. This
result shows that networking protocols for WUSNs must be developed considering the
dynamic adaptation according to VWC variations.
The operating frequency is another parameter which signicantly aects the com-
munication performance. For instance, the analytical results show an additional 16dB
of attenuation when the frequency changes from 300MHz to 1:3GHz. These results
justify the employment of low frequencies for WUSNs. However, due to practical is-
sues related to the size of the antennas, frequencies below 300MHz are usually not
acceptable.
The SSWC channel model is fundamental for the development of cross-layer com-
munication solutions for WUSNs and for the development of underground-to-aboveground
(UG2AG) and aboveground-to-underground (AG2UG) channel models for WUSNs.
However, for the proliferation of WUSNs, several research challenges must be properly
investigated. In this thesis, some of these challenges are highlighted and novel design
aspects are proposed for deeper investigation.
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The most important research challenge is the realization of long-range experiments
with the lateral waves propagation. Based on the analytical simulations with the SSWC
model, the lateral waves promise to signicantly enhance the communication range
without sacricing energy. This analytical result agrees with the fact that, for long-
range distances, the propagation path of lateral waves is mainly formed by the over-the-
air path. However, the impact of the existence of irregularities, water, ice, and obstacles
at the soil surface has not been investigated so far. Moreover, directional antennas
designed for lateral waves propagation will signicantly enhance the communication
performance and this research topic must be investigated specically considering the
typical WUSN scenarios.
The realization of low-power and long-range (> 10m) multi-hop underground-
to-underground (UG2UG) communication will eventually intersect the current trend
in WUSNs of using centralized one-hop solutions involving aboveground devices and
UG2AG/AG2UG links. Therefore, the major research topic in WUSN will be eventu-
ally the design of networks that eciently minimize the energy costs and maximize the
communication performance in WUSNs by mixing both approaches.
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